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ABSTRACT 


This  Final  Report ,  presented  in  three  volumes,  describes  a  compai - 
iuon  of  candidate  spread  spectrum  waveforms  and  the  selection  of  a 
preferred  waveform  to  perform  integrated  communication,  navigation,  ant’ 
identification  (CNI)  functions.  Satellites  are  presumed  available  in 
appropriate  orbits  for  global  communication  and  navigation.  A  coordi¬ 
nated  frequency/hop/pseudoncise/tirae  hop  (FH/PN/TH)  waveform  is  made 
considering  such  factors  as  efficient  use  of  satellite  ERP  in  the  re¬ 
mote  mode,  multiple  access  of  wide  dynamic  range  signals  in  the  direct 
mode,  range  and  range  rate  measurement  accuracy,  initial  synchroniza¬ 
tion,  and  equipment  complexity  for  full  capacity  implementation  in  a 
nominal  100  MHz  bandwidth. 

Since  CNI  system  requirements  are  not  presently  known,  the  wave¬ 
form  choice  has  been  made  considering  a  postulated  worst  case  environ¬ 
ment  based  on  future  air  traffic  control  requirements. 

Implementation  of  the  preferred  CNI  waveform  will  depend  on  certain 
technology  developments  particularly  in  the  areas  of  wide  dynamic  range 
receivers,  phase  coherent  frequency  hopping,  high  peak  power  pulse  trans¬ 
mitters,  and  LSI  digital  devices.  However,  a  demonstration  concept  can 

be  advanced  within  the  present  state-of-the-art  to  illustrate  the  pre- 

\ 

ferred  waveform  with  scaled  parameters. 

Volume  I  covers  the  concept  formulation  studies  leading  to  the 

preferred  waveform  and  demonstration  concept  while  Volume  II  summarizes 

* 

the  detailed  performance  and  operational  analysis.  Volume  III  presents 
navigation  considerations  for  the  enroute  case. 


iii 


EVALUATION 


The  purpose  of  this  effort  was  to  investigate  all  of  the  various 
waveforms  capable  of  providing  the  required  information  transfer  for  an 
integrated  communication,  navigation,  and  identification  system,  The 
objective  was  to  define  the  capabilities  of  the  various  signal  structures 
and  determirB  the  performance  trade-offs  between  them.  The  approach  taken 
by  Magnavox  was  to  define  various  candidate  waveforms  and  to  compare  their 
performance  with  respect  to  CNI  assumptions  and  design  criteria.  In  the 
absence  of  a  definitive  CNI  system  requirement,  reasonable  postulates  were 
made  as  deemed  necessary  for  selecting  the  preferred  full  capacity  wave¬ 
form  and  to  evaluate  performance  parameters  thereof. 

The  study  results  present  an  excellent  analysis  of  the  performance  cf 
various  spread  spectrum  waveforms  when  used  in  multiple  access  communica¬ 
tions  or  passive  navigation  systems,  for  both  point  to  point  and  satellite- 
repeated  applications.  A  frequency  hop/pseudonoise/time  hop  waveform 
was  selected  as  the  best  compromise  between  maximization  of  theoretical 
performance  and  realisation  of  the  goal  of  practical  implementation  vrithin 
projected  state  of  the  art.  An  experimental  model,  using  scaled  parameters, 
has  beer  designed  to  provide  experimental  verification  of  the  theoretical 
results.  The  evaluation  of  the  multi-function  concept  should  be  carried 
out  in  a  laboratory  environment  before  large  scale  demonstration  programs 
are  undertaken. 

This  study  has  also  identified  technology  advances  needed  to  implement 
the  CNI  concept  on  an  economical  basis.  These  recommendations  can  be  used 
as  a  guideline  for  future  programs . 


Project  Engineer 


iv 


TABLE  OF  CONTENTS 


Section 


VOLUME  I 


Page 


SECTION  I 
INTRODUCTION 

SECTION  n 

CONCLUSIONS  AND  RECOMMENDATIONS 


SECTION  m 

ASSUMPTIONS  AND  DESIGN  CRITERIA 

3. 1  ASSUMPTIONS . 

3.2  DESIGN  CRITERIA . 

SECTION  IV 

CONCEPT  FORMULATION 

4.1  GENERIC  WAVEFORMS . 

4. 1. 1  Coordinated  FH  . . . . 

4. 1. 1. 1  Communication . . 

4. 1. 1. 2  Signaling  and  Random  IFF  .  . . 

4. 1. 1. 3  Navigation . . . .  . 

4. 1.1.4  Synchronization . 

4. 1. 1. 5  Multiplexing  of  COM,  NAV,  and  Random  IFF/Signaling 

Functions . 

4. 1. 2  Orthogonal  Time  Hopped  TH/PN  Waveform  System  Approach.  ,  , 

4. 1.3  Uncoordinated  TH/FH . 

4.1.4  Uncoordinated  FH . .  ,  . 

4. 1.4. 1  Noncoherent  Version .  . .  .  . 

4. 1. 4. 1. 1  Data  Modulation . 

4. 1. 4. 1. 2  Data  Coding  . .  . 

4. 1, 4.  l.  3  Pulse  Shaping  ,  . . .  , 

4. 1. 4. 1. 4  Frequency  Spacing . . . 

4. 1.4. 1.5  Spectrum  Usage . 

4. 1. 4. 1. 6  Synchronization . 

4. 1.4. 2  Coherent  Frequency  Hopping . . 

4. 1. 5  Hybrid  Coordination  V/ aveform  Approach  . 

4. 1. 6  Summary  of  the  Five  Waveform  Typos 

4. 2  CANDIDATE  WAVEFORMS . . . . 

4. 2. 1  FH/PN/TH-Coordinated  Waveform,  ,  . . . . 

4. 2. 1. 1  Direct  COM.  . . 

4. 2. 1.2  Random  Access  IFF  and  Signalling  . . 

4. 2. 1. 3  Landing  Mode  . . .  . 

4. 2. 1. 4  Remote  COM  . . .  .  .  .  . 

4.2. 1.5  NAV . . . 

4. 2. 1. 6  Multiplexing  of  Functions  ,  . . . . 

4. 2. 1. 7  Parameter  Tradeoffs  in  Waveform  Design . 

4.2.1.  8  Civilian  Derivative . . . .  .  .  .  . 

4. 2. 1. 9  Functional  Implementation . . . . 

4. 2. 1. 10  A  Sidetone  Ranging  Scheme  in  Coordinated  FH/PN/TH  . 

4. 2. 1. 10. 1  Mechanization  . . 

4. 2. 1. 10. 2  Active  Ranging  for  Landing  Mode  ,  . . 


-4- 

-6- 


-11- 

-13- 

-14- 

-19- 

-23- 

-25- 


-26- 

-28- 

-32- 

-39- 

-39- 

-39- 

-40- 

-43- 

-43- 

-44- 

-46- 

—46— 

-47- 

—48- 

-54- 

-54- 

-58- 

-59- 

-62- 

-64- 

-65- 

-67- 

-68- 

-70- 

-71- 

-77- 

-79- 

-83- 


v 


TABLE  OF  CONTENTS  (Continued) 


u 


Section  Page 

4.2.2  TH/FH/PN  Hybrid-Coordinated  Waveform .  -84- 

4. 2. 2. 1  Basic  Waveform  . . .  -85- 

4. 2. 2. 2  Direct  Mode .  -87- 

4. 2. 2. 3  Navigation  Mode .  -91- 

4. 2. 2. 4  IFF  Mode .  -92- 

4. 2. 2. 5  Remote  Mode.  . . .  -92- 

4. 2. 2. 6  Landing  Mode  . . .  -93- 

4.2.3  FH/TH  Hybrid -Coordinated  Waveform .  -94- 

4. 2. 3. 1  Synchronization  in  Direct  Mode  .  . . .  -97- 

4. 2. 3. 2  Tracking  and  Navigation . . . .  -98- 

4. 2.3, 3 ‘IFF .  -99- 

4. 2. 3. 4  Time  Sharing  .  -100- 

4.2.3. 5  Satellite  Processing  for  AJ  . .  -101- 

4. 2. 3. 6  Basic  Transceiver  Block  Diagram . .  .  .  -102- 

4.3  SELECTION  OF  PREFERRED  WAVEFORM .  -105- 

4.4  DETAILING  OF  THE  SELECTED  WAVEFORM  FH/PN/TH  - 

COORDINATED .  -109- 

SECTION  V 

TECHNOLOGY  IMPLICATIONS 

5.1  TECHNOLOGY  GAPS .  -131- 

5. 1. 1  RF  Amplifier  Dynamic  Range .  -132- 

5. 1. 2  Frequency  Hopping  Synthesizer  . . . .  -133- 

5. 1.3  High  Power  Transmitting  Tubes .  -134- 

5.1.4  LSI  Components . -134- 

5.2  COMPONENT  SURVEY .  -134- 

5. 2. 1  Discussion  of  Amplifier.  Characteristics  for  use  in  the  1-10  GHz 

Frequency  Band.  . . -134- 

5. 2. 1,  l  Parametric  Amplifiers . . .  -138- 

5. 2. 1. 2  Tunnel  Diode  Amplifiers,  . . .  -141- 

5.2. 1.3  Transistor  Amplifiers .  . . .  -142- 

5. 2. 1. 4  Traveling  Wave  Amplifiers . -143- 

5. 2. 1.5  YIG  Preselector  Filters .  -147- 

5.  2. 1.5.1  Bandwidth . -148- 

5. 2. 1. 5. 2  Insertion  Loss . . . .  -148- 

5. 2. 1. 5. 3  Bandpass  Shaps  and  Phase-Shift  Characteristics  -149- 

5. 2. 1.5.4  Tuning  Characteristics  . . .  .  -150- 

5. 2. 1. 5. 5  Limiting  .  . .  -150- 

5. 2. 1.5.6  Preselector  Application.  ............  -152- 

5. 2. 2  Frequency  Hopping  Synthesizers -152- 

5.2.2. 1  Frequency  Hopping  Syrthesizer  (No  Phase  Coherence 

Requirement)  -152- 

5. 2. 2. 1. 1  Presentation  by  Lincoln  Labs  on  Frequency 

Hopping,  25  July  1968,  . .  -153- 

5. 2.2. 2  Phase-Coherent  Frequency  Synthesizers  .  . .  -155- 

5. 2. 2. 2. 1  Direct  Synthesizer, . . . .  -155- 

5. 2. 2. 2. 2  Indirect  Synthesizer . .  -158- 

5. 2. 2. 2. 3  Synthesizer  Designs .  -159- 


v 


vi 


TABLE  OF  CONTENTS  (Continued) 


Section  Page 

5.2.3  High  Peak  Power  TWT  Transmitter  Tube .  -166- 

5.2.3. 1  Tube  Design,  . .  -167- 

5.2.4  Logic  Components  -  LSI/MSI .  -168- 

5. 2. 4. 1  Trends .  -169- 

5.2.4. 2  Imoact  on  System  Design  . . . .  -172- 

5. 2. 4. 2.1  Digital  Matched  Filter .  -172- 

5. 2.4. 2. 2  Digital  Phase  Lock  Loop . .  -173- 

5. 2. 4. 2. 3  Sequential  Decoder  Implementation  Study  .  .  .  -177- 

Appendix  I  -  Paired  Echo  Interpretation  of  Distortion .  -182- 

Appendix  II  -  Circulator  Considerations,  . . -186- 

SECTION  VI 

DEMONSTRATION  CONCEPT 

6.1  SIGNAL  DESIGN  PARAMETER  SCALING  (TASK  A002). .  -189- 

6. 2  FUNCTIONAL  DESIGN  OF  TRANSCEIVER/PROCESSOR  (TASK  A003)  .  -192- 

VOLUME  II 
SECTION  vn 

PERFORMANCE  ANALYSIS  AND  SIMULATION 

7.1  MULTIPATH  MODELING .  -199- 

7. 1. 1  Multipath  Model  for  CNI  Transmission  Channel .  -200- 

7. 1. 2  The  Effects  of  Multipath  on  Error  Probability  of  PN  Systems  .  .  -204- 

7. 1. 2. 1  The  Output  from  the  PN  Correlation  Receiver  in  the 

Presence  of  Multipath . . -204- 

7. 1. 2. 2  Specular  Multipath .  -206- 

7. 1.2. 3  Diffuse  Multipath .  -209- 

7. 1. 3  Degradation  in  Processing  Gain  for  a  PN  System  Transmitted 

Through  the  Ionosphere  . . . .  -212- 

7.2  MULTIPLE  ACCESS  CONSIDERATIONS  .  . .  -216- 

7.2.1  Comparison  Criteria . -217- 

7.2.2  Parameter  Modeling . . . .  -218- 

7. 2.2. 1  Requirements  Parameters  . . .  -218- 

7.2.2. 2  Environmental  Parameters  ,  . . .  -223- 

7.2.3  Summary  Model  Multiple  Access  Performance  Bounds .  -235- 

7. 2.3. 1  Pseudonoise  Modulation . -235- 

7. 2.3. 2  Frequency  Hopping  .  . . -236- 

7. 2. 3. 3  TDMA . -239- 

7. 2. 3. 4  Time  Hopping .  -242- 

7. 2.3. 5  Conclusions  -244- 

7.2.4  Multiple  Access  Simulation . . . .  .  -244- 

7.3  MODULATION  AND  CODING  FOR  MULTIPLE  ACCESS  AND  ANTIJAM.  -252- 

7. 3. 1  Theoretical  Sequential  Decoder  Performance .  -252- 

7.3.1. 1  Measure  of  Performance . . .  -252- 

7.3.1. 2  Amplitude  Quantized  PN/PSK  Channel  . .  -253- 

7.3. 1.3  Noncoherent  DPSK  Channel  ,  . .  -258- 

7.3.2  Sequential  Tecoder  Simulation,  . .  -259- 

7.3.2. 1  Simulation  Results  .  -262- 

7.3. 2. 2  Synchronization .  -272- 

7.3. 2. 3  Conclusions  . .  -281- 


vii 


TABLE  OF  CONTENTS  {Continued) 

Section  Page 

7.3.3  Delta  Modulation  for  Voice . -282- 

7.3.4  Alternate  Modulations  for  a  Non-Coordinated  TH/FH  Waveform 

Concept  . . -283- 

7.3.4. 1  Baseline-Binary  DPSK/Sequential  Decoding  110  db  PN, 

20  TH,  100  FH) . -284- 

7.3.4. 2  Alternate  -  M-ary  PN/TSK/Sequential  Decoding, 

Thresholds  Detection,  (10  db  PN,  16  TH,  500  FH) . -286- 

7.3.4. 3  Alternate  -  M*ary  FSK/Sequential  Decoding,  Threshold 

Detection  (16  TH,  5000  FH) . -291- 

7. 3. 4. 4  Alternate  -  M'ary  FSK/Sequential  Decoding,  m=  16, 

List  of  1  'Decode,  (1/16  TH,  5000  FH) . -294- 

7.3.4. 5  Effect  of  Partial  Band  and/or  Pulsed  Jamming . -296- 

7.3.4. 6  Conclusions] . -297- 

7.3.5  Multiple  Access  with  Nonc.oordinated  Waveforms  over  a  Power- 

Limited  Satellite  Channel  . . -298- 

7.3.5. 1  Worst  Case  of  Large  Transmitter  Power  Differentials  ,  .  .  -298- 

7.3.5. 2  Ideal  Equalized  Transmitter  Powers . -301- 

7.4  CHANNEL  DISTORTION  ANALYSIS . -306- 

7.4. 1  Spectrum  Splatter  of  a  Gaussian  Filtered  Pulse  After  Soft  Limiting!  -306- 

7.4. 2  Effect  of  Bandlimiting  on  P3K  Signal  in  TDMA  Burst  Through 

Hard  Limiting  Channel . -310- 

7.4.2. 1  Dispussion  of  the  Solution  Techniques  .  . . .  -311- 

7. 4. 2. 1. 1  Distortion  of  the  Signal  Vectors  . . -311- 

7. 4. 2. 1. 2  Sampling  of  the  Signal  and  Its  Amplitude  Spectrum  -316- 

7. 4. 2. 1. 3  Signal  Transformations  and  Generation  of  the 

Signal  Vectors  from  the  Signal  Samples . -318- 

7. 4. 2. 2  Preliminary  Results  and  Extensions . .  -323- 

7. 4. 2. 2. 1  Presentation  of  Results  . -323- 

7. 5  INITIAL  SYNCHRONIZATION  ANALYSIS . !  -333- 

7. 5. 1  Sequential  Detection  Applied  to  a  Pseudonoise  Synchronization 

Mode?  with  Quantized  Search  . . -333- 

7.5. 1.1  Introduction . . . ,  ,  |  -333- 

7. 5. 1. 2  Review  of  Sequential  Detection  Theory . !  -334- 

7.5. 1.3  Analysis  for  Coherent  Model . .  -336- 

7. 5. 1. 4-  Comparison  with  Discrete  Approximations  to  Uniform 

Search  Rate . .  . . .  . . -338- 

7. 5. 1. 5  Noncoherent  Analysis  Model . -340- 

7. 5 j  1. 6  Signal  with  PSK  Data  Modulation . -344- 

7. 5. 1. 7  Use  of  Phase  Lock  Loop  . . . . .  -345- 

7. 5. 1. 8  Costas  Loop  Detection  -348- 

7. 5. 1. 8. 1  Baeic  Strategy  . . .  -350- 

7. 5. 1.8.2  Effect  of  Triangulai  Correlation . -351- 

7. 5. 1,  8. 3  Contftiuous  Operating  Loop . -355- 

5. 1, 8, 4  Synchronisation  with  Four-Phase  Tracking  Loop .  -358- 

7, 5. 1, 8. 5  Summary  of  Costas  Loop  Results . -359- 

7. 5. 1. 9  Pseudonoise  Synchronization  by  Serial  Search  with 

Noncoherent  Detection  . .  -360- 

7. 5. 1. 10  Conclusions . . '  -364- 


a 


Q 


viii 


TABLE  OF  CONTENTS  (Continued) 


Section  Page 

7. 5. 2  Integration  Loss  with  Digital  Matched  Filter  Synchronization  tor 

Pseudonoise . -366- 

7. 5. 2. 1  Introduction .  -366- 

7. 5. 2.  2  Binary  Quantization . . .  -368- 

7.5. 2.3  Multilevel  Quantization.  .  . . .  -370- 

7. 5. 2. 4  Time  Sampling  Rate . -371- 

7. 5.2. 5  Conclusions.  . .  -375- 

7.5.3  Synchronization  Vulnerability  to  Optimized  Jamming  Strategy  .  .  -376- 

7.5.4  A  Digital  Synchronization  Technique  for  Frequency  Hopping  .  .  .  -378- 

7. 6  RANGE  AND  RANGE  RATE  MEASUREMENT  ACCURACY .  -385- 

7. 6. 1  PN  or  FH/PN  Theoretical  Range  and  Range  Rate  Measurement 

Accuracy.  .................  .  -385- 

7.6.1. 1  Introduction.  . .  -385- 

7.6. 1.2  Theoretical  Basis,  . . -385- 

7.6. 1.3  Loop  Analysis.  . . -388- 

7.6. 1.4  Analysis  of  the  Delay  Lock  Loop .  -388- 

7.6. 1.5  Delay  Lock  Loop  Tracking  Performance .  -395- 

7.6.1. 6  Analysis  of  the  Jitter  Loop .  -396- 

7. 6. 1. 7  Jitter  Tracking  Loop  Performance  and  Comparison  with 

Delay  Lock  Loop  Performance .  -402- 

7. 6. 1.  8  Effects  of  Channel  Unbalance  on  Delay  Lock  Loop 

Performance . -405- 

7. 6. 2  Determination  of  the  Effects  of  Multipath  on  the  Tracking'  Perfor¬ 
mance  of  the  Delay  Lock  Loop . .  -406- 

7. 6;  2.1  Diffuse  Correlated  Multipath . . .  -407- 

7. 6. 2. 2  Specular  Multipath  . . -409- 

7.6.5  Theoretical  Accuracy  of  Tone  Ranging,  Compared  with  PN  .  ,  ,  ,  -410- 

7.6.3. 1  Introduction . -410- 

7. 6.3.2  Analysis  . . -411- 

7. 6. 3. 3  Comparison  with  PN  System  ,  ...............  -418- 

7.6.4  Simulation  of  Coherent  FH/PN P7.*ecise  Ranging  Tracking  Loop,  .  -418- 

7.6.4. 1  Summary  Description  of  the  Coherent  FH/PN  System,  ,  .  -419- 

7.6.4. 2  Flight  Dynamics  Simulation  . . . .  -420- 

7.6.4. 3  Signal  Processor  Simulation  Model . .  -421- 

7. 6. 4. 4  Computation  Model . -425- 

7. 6.4. 5  Simulation  Results  -426- 

7.6.5  Range  Rate  Measurement .  ^  . . .  -431- 

7.7  NAVIGATION  ERROR  ANALYSIS .  -435- 

7. 7. 1  Navigation  Considerations  for  Enroute  Case  .....  _. . .  -435- 

7.7.1. 1  Assumed  621B  Parameters  for  CNI  System  .(Pages  437  through  448 


7. 7. 2  Navigation  Considerations  for  the  Tending  Mode . .  -449- 

7. 7, 2. 1  Accuracy  Requirements  for  Terminal  Area  Approach  and 

Landing  Guidance  System . . .  -449- 

7.  7, 2. 1. 1  Operational  Requirements .  -450- 

7.  7, 2. 1. 2  Technical  Requirements .  -455- 

7. 7„ 2. 1.3  Preliminary  Postulated  Requirements  Model  for 
Design  of  Terminal  Area  Approach  and  Landing 
Guidance  System . . . .  -455- 


ix 


TABLE  OF  CONTENTS  (Continued) 


Section 


Page 


7. 7. 2. 2  Derivation  of  Aircraft  Position  Coordinates  for  the  Three 

Range  Difference  and  Two  Range  Difference  Plus  Altitude 
Landing  System  Configurations . . 

7. 7. 2. 2. 1  Derivation  of  Aircraft  Position  for  the  Two 

Range  Difference  and  Altitude  Landing  System 
Configuration.,  .  . . . . .  . 

7. 7. 2. 2. 2  Derivation  of  Aircraft  Position  for  the  Three 

Range  Difference  System  Configuration . 

7. 7. 2. 3  Error  Analysis  Efforts  on  the  Three  and  Four  Ground 

Station  Landing  System  Configurations . 

7. 7.2.4  Conflict  Prediction  Considerations  . . . 

7,  7. 2.4. 1  Required  Expressions  for  Conflict  Prediction.  . 

7. 7. 2. 4. 2  Analysis  Techniques  for  Assessment  of  Accuracy 

7. 8  ACCURACY  STUDY  OF  COMBINED  INERTIAL  NAVIGATION  -  CNI 

SYSTEM . 

7. 8. 1  Inertial  Navigation  System  Error  Model  . . . 

7.8.2  Simulation  Description . . . 

7.8.3  Results.  .  . . . . . . 

7. 8. 3. 1  Effects  of  Position  Update  Accuracy ............ 

7. 8.3.2  Effects  of  Initial  Velocity  Errors  . . 

7. 8.3.3  Effects  of  More  Frequent  Position  Updates  ........ 

7. 8.3.4  Effects  of  Velocity  Updates.  .  . . 

7. 8.3. 5  Conclusions . . . . . 

7. 9  COMPUTER  REQUIREMENTS . . 

7.  9. 1  Introduction . 

7.9.2  Integration.  . . . . . . 

7.9.3  Communications . 

7.9.4  Navigation . . . . 

7.9.5  Identification . . . 

7. 9. 5. 1  Collision  Avoidance  . . 

7. 9. 5. 1. 1  Conus  ATC  Systems . . 

7.  9. 5. 1. 2  Tactical  Environment  . 

7.  9. 5, 1. 3  Conflict  Prediction  ............... 

7. 9. 5. 1.4  Conflict  Prediction  Algorithm ,  . . 

7. 9. 5. 1. 5  Computer  Speed  Requirements  ......... 

7. 9.5. 1.6  Storage,  . 

7. 9.5. 1.7  Summary . 

7. 9. 5. 2  Identification  Summary, . .  ,  ,  . 

7. 9. 6  Configuration . 

7.9.7  Conclusions . . . . . . 

Appendix  I  -  Sequential  Decoder  Algorithms  . . 

Appendix  n  -  Random  Number  Generator  Performance  . . 

Appendix  III  -  S/N  Loss  in  a  Low-Pass  Clipper-Correlator,  ......... 

Appendix  IV  -  Digital  Matched  Filter  for  Quadripbase  and  Doppler  Shifted 

Signals . . . . . 

Appendix  V  -  Optimum  Spacing  for  Delay  Lock  Tracking  . . . 

Appendix  Vi  -  Two  Range  Difference  and  Altitude  Landing  Configuration  .  .  , 


-457- 


-458- 

-459- 

-460- 

-461- 

-461- 

-464- 

-472- 

-472- 

-477- 

-477- 

-477- 

-478- 

-483- 

-483- 

-485- 

-486- 

-486- 

-487- 

-488- 

-489- 

-493- 

-493- 

-494- 

-495- 

-495- 

-495- 

-496- 

-497- 

-497- 

-498- 

-488- 

-498- 

-500- 

-527- 

‘•VUU" 


-540- 

-545- 

-549- 


x 


TABLE  OF  CONTENTS  (Continued) 

Section  Page 

Appendix  VII  -  Three  Range  Difference  Landing  Configuration . ,  .  -564- 

Appendix  Vm  -  Calculation  of  Distance  and  Relative  Velocity  Between  Two 

Aircraft; . .  ,  ..........  .  -588- 

Appendix  IX  -  Derivation  of  Position  Location  Equations  for  all  Range  and 

621B  Range  Difference  Systems . . -598- 

Appendix  X  -  Position  Location  Programs  and  Their  Computer  Requirements  -609- 

SECTION  vm 
OPERATIONAL  ANALYSIS 

8.1  INTRODUCTION . -633- 

8. 2  METHOD . -633- 

8.3  RATIONALE . -634- 

8.3.1  Equipment  Compatibility  . .  -634- 

8. 3. 2  Worst  Case  Design  .  . . . .  -635- 

8.3.3  Commonality.  . . -635- 

8.4  BACKGROUND  MATERIAL .  -636- 

8.4.1  Data  Links . -636- 

8.4.2  Air  Traffic  Control  Radar  Beacon  System  . .  -636- 

8.4.3  Automation.  . . -636- 

8. 5  SCENARIO  RULES .  -637- 

8.5.1  Route  Structure . . . .  . .  -637- 

8. 5. 2  Continuous  Flight  Following  ,...., .  -638- 

8. 5. 3  Continuous  Broadcasts  . . . .  -638- 

8.5.  4  Instrument  Approach  and  Landing .  -638- 

8. 5. 5  Runway  Occupancy. .  -639- 

8. 5. 6  Approach  Spacing . .  . . . . .  -640- 

8. 5. 7  Takeoff  Spacing . -640- 

8. 5. 8  Arrival  Spacing  . . . .  -640- 

8.5.9  Departure  Spacing, . . . .  .  -641- 

8.5.10  Holding .  -641- 

8. 5. 11  Flight  Rules  and  Plans  .  -641- 

8.6  DETAILED  SCENARIO  DATA . . .  -642- 

8. 6. 1  Anticipated  Proportional  Mix'  of  Aircraft  Types  .  . .  -642- 

8.6.2  Number  of. Airports  and  Airways  . . .  -642** 

8.6.3  Flight  Profiles . -643- 

8.6.4  Average  Time  in  Terminal  Area  . . . .  -644- 

8.6.4. 1  Military . -645- 

8.6.4. 2  Air  Carriers . -645- 

8.6.4. 3  General  Aviation . -646- 

8. 6. 5  Enroute  Transit  Times  . . .  -646- 

8.6. 5.1  Military  and  Air  Carriers  . . .  -646- 

8. 6. 5. 2  General  Aviation  . . . .  -647- 

8. 6. 6  Ground  Communicator  Categories  . .  **647- 

8.6.6. 1  Automatic  Terminal  Information  Service  (ATIS).  .....  -647- 

8.6.6. 2  Ground  Control  (GC)  . . .  -647- 

8. 6. 6. 3  Clearance  Delivery  (CD) . . .  -648- 

8. 6. 6. 4  Squadron  Operations  or  Company  Dispatch  (CR) .  -649- 

8. 6. 6. 5  Local  Control  (TW)  . . . . .  -649- 

8.6.6. 6  Departure  Control  (DP). .  -650- 

xi 


TABLE  OF  CONTENTS  (Continued), 

Section  Page 

8. 6. 6. 7  Air  Route  Traffic  Control  Center  (RC) .  -650- 

8. 6. 6. 8  Flight  Service  Station  (FSS) .  -651- 

8.6.6. 9  Enroute  Company  Radio  or  Enftmte  Military  Radio  (CR)  ,  -652- 

8. 6. 6. 10  Transcribed  Weather . .  .  -652- 

8. 6. 6. 11  Scheduled  Weather  Station . .  *>652- 

8.6.6.12  Emergency  Radar  Advisory  Station,  -652- 

8.6.8.13  Unicom .  -653- 

8.6.6.14  Multicom . -653- 

8.6.6.15  Approach  Control  (AP)  . . . .  -653- 

8.6.6.16  Final  Controller . -653- 

8. 6, 7  Calculated  Scenario  Data . . . . . .  -654- 

8. 6. 7. 1  Air  Carrier  Calculations.  .  . . . .  -656- 

8. 6. 7. 2  Military  and  General  Aviation  Calculations  ........  -657- 

8.6. 7. 3  Enroute  Calculations .  . . -659- 

8.  7  MESSAGE  SEQUENCES .  -660- 

8.8  SIMULATION  DESCRIPTION . -664- 

8. 8. 1  The  BRAVO  Program .  -666- 

8.8.2  DELTA  Program . -667- 

8,5  PRESENTATION  AND  DISCUSSION  OF  RESULTS .  -681- 

8. 10  DATA  LINKS . -684- 

8.11  IDENTIFICATION .  -687- 

8. 11. 1  Coordinated  Identification . -687- 

8. 11. 2  Spontaneous  Replies  . . . . .  -687- 

8.11.3  Coordinated  Interrogation  -688- 

Appendix  I  -  Airport  Distribution  in  High  Density  Traffic  Areas .  -689- 

Appendix  II  -  Voice  Message  Text  Categories  -690- 

Appendix  III  -  Typical  Message  Sequence  Departure  -  Enroute  -  Arrival.  .  ,  -692- 

Appendix  IV  -  ALPHA  File .  -696- 

Appendix  V  -  Revised  BRAVO  Program.  ....................  -704- 

Appendix  VI  -  Flow  Diagram  of  Revised  Bravo  Program . .  -705- 

Appendix  VH  -  CHARLIE  File .  -706- 

Appendix  VHI  -  Computer  Program  "DELTA"  .......  -710- 

Appendix  IX  -  ECHO  File . -714- 


VOLUME  III 

7.7  NAVIGATION  ERROR  ANALYSIS 

7.7.1  Navigation  Considerations  for  Enroute  Case 

7. 7. 1.1  Assumed  621B  Parameters  for  CNI  System.  ........ 

7. 7. 1.2  Navigation  Accuracy  Profile . .  -8- 


ILLUSTRATIONS 


Figure 


Page 


4-1 

4-2 

4-3 

4-4 

4-5 

4-6 

4-7 


4-8 

4-9 

4-10 

4-11 

4-12 

4-13 

4-14 

4-15 

4-16 

4-17 

4-18 

4-19 

4-20 

4-21 

4-22 

4-23 

4-24 

4-25 

4-26 

4-27 

4-28 

4-29 

4-30 

4-31 

4-32 


4-33 

4-34 

4-35 

4-36 

4-37 

4-38 


Effect  of  Multipath  Fading  (With  Pulse  Overlap)  on  COM  Performance 
Effect  of  Multipath  Intersymbo!  Interference  on  COM  Performance  . 
AJ  Versus  Multiple  Access  Performance  for  IFF  Function  ...... 

Coherent  Frequency  Hop  Demodulator  Block  Diagram . 

Timing  Sequence  of  CNI  Operations  .................. 

TH/PN  Signal  Structure  (Orthogonal  System)i  . . 

TH/FH  Uncoordinated  System  -  AJ-Multiple  Access  Performance  . 

for  COM  for  all  Strong  Signals . . . 

Modulation  Scheme  for  2400  Bit  Per  Second  Data  .  . . 

Check  Digit  Tables  for  (5, 3)  Code  . . . . 

Performance  of  the  Detectors  Versus  Ratio  of  Users  to  Frequency 

Channels . . . . . . 

Basic  FH/PN/TH  Signal  Structure  for  all  Functions  and  Modes  .  .  . 

Transmitted  Signal  Format  for  Direct  Mode  2400  bps  COM . 

Transmitted  Signal  Format  for  75  bps  Direct  Mode  Net . 

Transmitted  Signal  Format  for  Random  Access  IFF  and  Signalling.  . 
Signal  Format  for  ILS  at  Transponder  for  Active  Ranging  and 

Beam  Rider  .................  . . 

Transmitted  Signal  Format  for  Remote  Mode  2400  bps  COM  ..... 

Transmitted  Signal  Format  for  Remote  Mode  Navigation  . . • 

Multiplexing  of  CNI  Functions  for  Direct  Mode  and  Remote  Mode 

Down  Link . .  . . . . . 

Transmitter  (FH/PN/TH) . 

Receivex  (FH/PN/TH) . 

Satellite  Processing  (FH/PN/TH) . 

Transmitter . . . 

Receiver.  ,  . . . . . 

Digital  Phase  Tracking . . . 

Transmitter.  ..............  .  ...  ,  . . 

Direct  Mode  Receiver.  . . . 

Parallel  Sync  Processor  .  . . 

Basic  Transceiver  /Processor  Block  Diagram 

Gross  Receiver/Processor.  . . 

Basic  Signal  Structure  . . .  . 

Direct  Mode  2400  BPS  COM . 

Random  Access  Operation  with  Respect  to  the  Direct  Mode  COM 

Traffic . .  . . . . . 

ILS  Active  Ranging  and  Beam  Rider  Waveform  as  Seen  at  the 

Transponder,,  . . .  . . . 

Remote  Mode  2400  BPS  COM . . . 

Transmitted  Signal  Format  for  Remote  Mode  Navigation  ....... 

Multiplexing  of  CNI  Functions  . . 

ILS  Transponder  Processing  ,  . . . . 

Satellite  Waveform  Processing  (FH/PN/TH)  for  AJ . 


-17- 

-18- 

-22- 

-24- 

-27- 

-30- 

-35- 

-40- 

-42- 

-45'- 

-57- 

-58- 

—80- 

-60- 


-62- 

-65- 

-66- 


-67- 

-72- 

-73- 

-76- 

-80- 

-81- 

-82- 

-88- 

-90- 

-98- 

-103- 

-104- 

-111- 

-112- 

-117- 

-119- 

-121- 

-124- 

-126- 

-128- 

-128- 


( 


xiii 


ILLUSTRATIONS  (Continued) 


Figure  Page 

5-1  Trends  in  Digital  Technology.  . . .  .  -132- 

5-2  RF  Amplifier  Input  Pov/er  for  Near-Far  Environment  , .  -133- 

5-3  Noise  Figure  Range  Versus  Frequency . -136- 

5-4  Input  Power  for  1  db  Compression  Point  -  Typical  Value  Range  .  .  .  -137- 

5-5  Intermodulation  Chart  -  Aertech  Industries . -138- 

5-6  Noise  Figure  Versus  Frequency  (Trend).  . . -142- 

5-7  TWT  NF  Versus  Frequency  Band  (for  Saturation  Power  Out) .....  -144- 

5-8  TWT  Power  Input  Versus  Freque  cy  Band  at  Saturation .  -145- 

5-9  Input  Power  Versus  Frequency  fov  TWT  to  Develop  IM  Level  ....  -146- 

5-10  NF  and  Gain  Versus  Frequency  ior  Tubes  Listed  *  .  .  .  . .  -146- 

5-11  YIG  Filter  Bandwidth  Boundaries .  -148- 

5-12  2-Ball  Coaxial  YIG  Filter  Insertion  Loss .  -149- 

5-13  Typical  YIG  Bandpass  Filter  Characteristics  .  -151- 

5-14  Dana  Labs  "Digiphase"  Synthesizer  .  . . -161- 

5-15  Conceptual  Approach . -162- 

5-16  Programmable  Frequency  Synthesizer.  . . -163- 

5-17  Synthesizer  Mechanization  Block  Diagram . -164- 

5-18  Integrated  Circuit  Approach  Versus  Quantity .  -169- 

5-19  Cost  Per  Gate  Versus  Number  of  Gates . .  -170- 

5-20  Register  Size  Versus  Time.  .......................  -170- 

5-21  Propagation  Delay  per  Gate  Versus  Power  Consumption  Typical 

Values.  . .  -171- 

5-22  Matched  Filter  Element .  -172- 

5-23  First  Grder  Digital  Phase  Lock  Loop . -174- 

5-24  Waveforms  for  Digital  Phase  Lock  Loop . . -174- 

5-25  Second  Order  Digital  Phase  Lock  Loop . .  -175- 

5-26  Digital  Costas  Loop . -176- 

5-27  Digital  Phase  Lock  Loop  Implemented  with  Off-the-Shelf  Integrated 

Circuits . -177- 

5-28  Sequential  Decoder  Block  Diagram . -178- 

5-29  Tree  Diagram .  -179- 

5- 30  Sequential  Decoder  Block  Diagram . -180- 

6- 1  CNI  Demonstration  Transmitter  Section . -193- 

6- 2  CNI  Demonstration  Signal  Processor . -195- 

7- 1  Satellite  to  User  Link . -201- 

7-2  Electronic  Simulator  of  the  Multipath  Channel . -202- 

7-3  Simplified  Multipath  PN  System  Geometry ...............  -207- 

7-4  Average  Binary  Error  Probability  for  PN/PSK  in  the  Presence  of 

Specular  Multipath  and  Gaussian  Noise  . . -208- 

7-5  Average  Error  Probability  Versus  Correlation  Between  Direct  and 

Indirect  Path . . . . . -209- 

7-6  Average  Error  Probability,  Diffuse  Multipath  no  Time  Spreading  .  .  -211- 

7-7  Ionospheric  Channel  Transfez  Function  . . -214- 

7-8  Processing  Gain  Reduction  . . . . .  .  -215- 

7-9  Distortion  Factor  Versus  Frequency  for  Various  Chip  Duractions  A  .  -215- 

7-10  Classes  of  Net  Organization  . . -222- 

7-11  Signal  Versus  Range  Curves  on  Different  Days  at  10, 000  Foot  Altitude 

in  Ground-to-Air  Propagation  Over  Chesapeake  Bay  . . -226- 


xiv 


ILLUSTRATIONS  (Continued) 

Figure  Page 

7-12  Signal  Versus  Range  Curve  at  10, 000  Foot  Altitude  in  Air-to-Air  ,  . 

Propagation,  and  Ray -Density  Curve  Computer  from  N-Profile  Data  -226- 

7-13  Variation  in  Signal  Strength  at  1  GHz . .  ,  .  -227- 

7-14  Cumulative  Probability  of  Antenna  Pair  Gain .  -228- 

7-15  Multipath  Backscatter  Model  to  Determine  Persistency .  -231- 

7-16  Example  of  Multipath  Persistence . -232- 

7-17  Envelope  of  Spectra  of  Various  Pulse  Waveforms  . . -234-  . 

7-18  Effects  of  Guard  Time  of  TDMA  Efficiency  . . -241- 

7-19  Average  Probability  of  Error  as  a  Function  of  Range  . .  -247- 

7-20  Average  Error  Rate  Performance  for  Different  Time,  Frequency 

Matrices.  ,  . . -248- 

7-21  Average  Error  Rate  Performance  Different  Spread  Factors . -249- 

7-22  Probability  that  Error  Rato  Exceeds  0, 045  . .  .  -250- 

7-23  Comparison  of  Performance  for  Minimax  Design  Pulse  Jam .  -256- 

7-24  Sequential  Decoder  Configuration  . .  -261- 

7-25  Computations  Distribution  for  Sequential  Decoding  with  Constraint 

Length  10  . -265- 

7-26  Backup  Distribution  for  Sequential  Decoder  with  Constraint  Length  10  -265- 

7-27  Computations  Distribution  for  Sequential  Decoding  with  Constraint 

Length  21  „ . .  -267- 

7-28  Backup  Distribution  for  Sequential  Decoding  wiiii  Constraint  Length  21  -267- 
7-29  Computations  Distribution  for  Sequential  Decoding  with  Constraint 

Length  32  . -268- 

7-30  Backup  Distribution  for  Sequential  Decoding  with  Constraint  Length  32  -268- 

7-31  Computations  Distribution  for  Sequential  Decoding  with  Constraint 

Length  32  .  -269- 

7-32  Computations  Distribution  for  Sequential  Decoding  with  Chosen 

Random  Number  Generator. . .  .  .........  -270- 

7-33  Backup  Distribution  for  Sequential  Decoding  with  Chosen  Random 

Number  Generator . -271- 

7-34  Sequential  Decoder  Performance  with  Chosen  Random  Number 

Generator . -272- 

7-35  Desnity  of  Errors  in  Initial  Hypothesis  for  a  Given  Successful 

Resynchronization.  . . . . .  .  -276- 

7-36  Computations  Distribution  for  Statistical  Resynchronization  with  a 

Constraint  Length  44  .  .  . . -277- 

7-37  Computations  Distribution  for  Rejection  of  a  Resynchronization 

Attempt  with  a  Constraint  Length  44  -277- 

7-38  Computations  Distribution  for  Statistical  Re  synchronization  with  a 

Constraint  Length  32  ,  ,  .  , . . . .  .  -278- 

7-39  Computations  Distribution  for  Rejection  of  a  Resynchronization 

Attempt  with  Constraint  Length  32  ,  ,  ,  ,  ,  . . .  -279- 

7-40  Articulation  of  Variable  Slope  19. 2  Kb/s  Delta  Med  with  Channel 

Errors  . . -283- 

7-41  Multiple  Access  -  A/J  Performance  of  Alternate  Non-Coordinated 

TH/FH  Waveforms .  -287- 

7-42  Multiple  Access  on  Satellite  Channel.  . .  -300- 

7-43  Impact  on  Satellite  Power  for  Just  Satellite  Access  with  Power 

Control . -304- 


xv 


ILLUSTRATIONS  (Continued) 


Figure  Page 

7-44  Block  Diagram  of  the  System  Model  -306- 

7-45  Plot  of  Output  Spectrum  Showing  Effects  of  Soft  Limiting . ,  -309- 

7-46  System  Model . . -310- 

7-47  Signal  Space  for  2-Phase  Antipodal  and  4-Phase  Biorthogonal  Signals  -312- 

7-48  Received  Vectors  with  Receiver  Generated  Reference  (2-Phase  Case)  -314- 

7-49  Placement  of  Signal  Samples  for  Fourier  transformations  Using  the 

FFT  Algorithms . -317- 

7-50  Output  Pulses  of  the  Chebychev  Filter  for  WT  =  1, 0  and  0. 5  . -324- 

7-51  Illustration  of  the  Four  Cases  for  the  Three  Pulse  Sequences  with 

ST  =  1. 0  for  the  Upper  Plots  and  WT  =  0. 5  for  the  Lower  Plots  ,  .  ,  -326- 

7-52  Pjj  Versus  Delay  for  Various  Apertures  . . -327- 

7-53  Pe  Versus  E/N0  . -328- 

7-54  Single  Pulse  for  tte  4-Phase  Case  with  WT  =  1  . -329- 

7-55  Pg  Versus  Delay  for  Various  Apertures  (4-Phase  Modulation)  ,  .  ,  .  -330- 

7-56  PE  Versus  E/N0  (4-Phase  Modulation) . -331- 

7-57  Basic  PN  Spread-Spectrum  System .  -333- 

7-58  Ideal  Triangular  Correlation  Function  .................  -334- 

7-59  Worst  Case  Quantized  Search, . -337- 

7-60  Evaluation  of  Expectation  of  Log-Likelihood .  . .  -344- 

7-61  Sequential  Detection  by  Costas  Loop  with  Random  Data  .  . . -352- 

7-62  Sequential  Detection  by  Costas  Loop  with  No  Data  Modulation . -353- 

7-63  Cases  of  Quantized  Search  . . -354- 

7-64  Costas  Loop  Simulation . -354- 

7-65]  Sequential  Detection  by  Costas  Loop,  Search  Through  Triangle  in 

Two  Positions  per  Bit . -357- 

7-68  Costas  Loop  Simulation.  -359- 

7-67  Modified  Noncoherent  Detection  Strategy.  . . -361- 

7-68  Semi-coherent  Detection  Over  Two  Intervals  . .  -363- 

7-69  Sequential  Detection . -364- 

7-70  Concept  of  Digital  Matched  Filter  . .  -367- 

7-71  Filtered  Bipolar  Signal . -372- 

7-72  Digital  Synchronizer  Implementations . -379- 

7-73  Vector  Sum  of  Signal  and  Jammer . -381- 

7-74  Sequential  Detection  by  Binary  Integration . -383- 

7-75  Worst-Case  Omissive  Probability  . . -383- 

7-76  Frequency  Hop  Synchronization  by  Serial  Search . -384- 

7-77  Block  Diagram  of  Delay  Lock  Tracking  Loop  -389- 

7-78  Mathematical  Model  of  Delay  Lock  Tracking  Loop,  ..........  -390- 

7-79  Delay  Lock  Loop  Error  Discriminator ,  . . -391- 

7-80  Delay  Lock  Loop  rms  Tracking  Error  Versus  Loop  Signal -to-Noise 

Ratio;  (tj  =  ,  1)  .  .  .  ,  . . . . .  .  -397- 

7-81  Delay  Lock  Lood  rms  Tracking  Error  as  a  Function  of  Displacement 

Td  .  .  . .  -398- 

7-82  r  Jitter  Tracking  Loop  -398- 

7-83  t  Jitter  Error  Discriminator  Model  -399- 

7-84  t  Jitter  Tracking  Loop  Error  as  a  Function  of  Loop  Signal -to-Noise 

Ratio . -403- 

7-85  r  Jitter  Tracking  Loop  Error  as  a  Function  of  Jitter  Displacement  -404- 

7-86  t  Jitter  Tracking  Degradation  as  a  Function  of  Tjj ..........  .  -405- 

xvi 


ILLUSTRATIONS  (Continued) 


Figure  Page 

7-87  Delay  Lock  Loop  Discriminator  with  Gain  and  Time  Delay  Unbalances  -406- 

7-88  Low  Pass  Coherent  Delay  Lock  Loop . -407- 

7-89  Tone  Ranging  System . -412- 

7-90  Probability  Density  Function  for  Range  Measurement . -413- 

7-91  Optimum  Bandwidth  and  Number  of  Tones  for  Tone  Ranging  System  ,  -417- 

7-92  Minimum  rms  Range  Error  for  a  Tone  Ranging  System.  .  ; . -418- 

7-93  Comparison  of  Tone  Ranging  System  with  PN  Ranging  System  ....  -419- 

7-94  Flight  Profile .  -421- 

7-95  Coherent  FH  Signal  Processor  . . -422- 

7-96  Simplified  Conceptual  Representation  of  Differential  Integrator.  .  ,  ,  -424- 

7-97  Signal  Processor  Simulation  Model . -425- 

7-98  Distance  Routine. . -427- 

7-99  Loop  Routine . -428- 

7-100  Simulation  Output . . -429- 

7-101  Acquisition  Boundary  . . -430- 

7-102  Acquisition  Time  Versus  Range  Error.  . . -430- 

7-103  Error  Characteristic  of  Precision  Ranging  Loop .  -431- 

7-104  Probability  Distribution  for  Start  and  Stop  Count  (A)  and  Probability 

Distribution  for  Difference  Count,  Af(B),  . . .  -433- 

7-105  Rotating  -  X  Single -Cluster  Coverage .  -437- 

7-106  Clase  A  User  Equipment  Functional  Block  Diagram . -440- 

7-107  Clasa  B  User  Functional  Block  Diagram . -441- 

7-108  Class  F  and  G  User  Equipment  Functional  Block  Diagram . .  -442- 

7-109  Rotating  X  -  Cluster  Absolute  Position  Accuracy . -446- 

7-110  Rotating-X  Cluster  Relative  Position  Accuracy  (500  Mile  User 

Separation)  . . . . . . -447- 

7-111  Rotating-X  Cluster  Velocity  Accuracy . -448- 

7-112  Vertical  Path  Coverage . -453- 

7-113  Typical  "Bad"  Glide  Slopes .  -455- 

7-114  Coordinate  System  for  Landing .  -458- 

7-115  Position  Geometry  for  Two-Range  Difference  and  Altitude  Measure¬ 
ment . -459- 

7-116  Position  Geometry  of  Three  Range  Difference  Measurement  .....  -460- 

7-117  Aijxraft  Position  Determination . -462- 

7-118  Error  Block  Diagram  -  Locally  Level  Inertial  Navigation  System  ,  .  -474- 

7-119  East  Position  and  Velocity  Errors  for  Combined  CNI  -  Inertial  Navi¬ 
gation  System  (Position  Updates  Every  10  Minutes) . -479- 

7-120  North  Position  and  Velocity  Errors  for  Combined  CNI  -  Inertial 

Navigation  System  (Position  Updates  Every  10  Minutes) . -480- 

7-121  ISffect  of  Initial  Velocity  Error  -  East  Position  and  Velocity  Errors 
for  Combined  CNI  -  Inertial  Navigation  System  (Position  Updates 

Every  10  Minutes) . -481- 

7-122  Effect  of  Initial  Velocity  Error  -  North  Position  and  Velocity  Errors 
for  Combined  CNI  -  Inertial  Navigation  System  (Position  Updates 

Every  10  Minutes) . . . -482- 

7-123  Effect  of  More  Frequency  Position  Updates  -  East  Position  Error  for 
Combined  CNI  -  Inertial  Navigation  System  (Position  Updates  Every 
Minute) .  -483- 


xvii 


ILLUSTRATIONS  (Continued) 


Page 


Figure 

7-124  Effect  of  More  Frequency  Position  Updates  -  North  Position  Error 
for  Combined -Inertial  Navigation  System  (Position  Updates  Every 

Minute)  . . . -484- 

7-125  Effect  of  Velocity  Updates  -  East  Velocity  Errors  for  Combined  CNI 

-Inertial  Navigation  System  (3  fps  Velocity  Updates  Every  Minute) .  .  -484- 
7-126  Effect  of  Velocity  Updates  -  North  Velocity  Errors  for  Combined 
CNI-Inertial  Navigation  System  (0. 3  fps  Velocity  Updates  Every 
Minute) . . . . . .  -485- 

7- 127  Computer  Configuration,  . . -499- 

8- 1  Aixfoorne  Communicator  Categories  . ;  .  .  ,  -643- 

8-2  Present  Ground  Communicator-  Categories .  -648- 

8-3  A  Portion  of  Message  Sequence  Computer  File  ALPHA  ........  -662- 

8-4  Voice  Channel  Loading,  Air  Carrier  Departure . -665- 

8-5  Computer  Program  BRAVO.  . . -666- 

8-6  A  Portion  of  Computer  File  CHARLIE  -668- 

8-7  Computer  Simulation  of  ATC  Voice  Communications  Environment  .  .  -670- 

8-8  Computer  Program  "DELTA",  Lines  1-12,  58-60 .  -672- 

8-9  Computer  Program  "DELTA",  Lines  12-57  .  -673- 

8-10  Computer  Program  "DELTA",  Lines  62-131  . -674- 

8-11  Computer  Program  "DELTA",  Lines  132-182 .  -676- 

8-12  Computer  Program  •’DELTA",  Lines  138-139 . -676- 

8-13  Computer  Program ''DELTA",  Lines  140-167,  . . -677- 

8-14  Flow  Diagram  for  Lines  140  through  168 . -678- 

8-15  Computer  Program  "DELTA",  Lines  168-171.  .  .  .  . . -680- 

8-16  User  Queueing  Versus  Simulation  Time .  -682- 

8-17  Data  Link  Displays . -687- 


xviii 


LIST  OF  TABLES 

Table  Page 

4-1  Summary  of  Frequency  and  Time  Slot  Usage  for  the  Uncoordinated 

TH/FH  System .  -38- 

4-2  Summary  Comparison  -  Generic  Waveform  Types . rv-*  -49- 

4- 3  Parameter  Modifications  for  Civilian  Use  . .  -71- 

5- 1  Tunnel  Diode  Characteristics  . . -142- 

5-2  Transistor  Specifications . . . ,  .  ,  -143- 

5-3  Physical  Characteristics  of  TWT  Amplifier . ,  -145- 

5-4  Summary  of  Synthesizer  (Existing)  Designs  . . -150- 

5-5  Improvement  in  TATS  Design . -157- 

5-6  Further-Out  Synthesizer,  but  Quite  Feasible  with  Known  Techniques.  -157- 

5-7  Types  of  Phase-Coherent  Frequency  Synthesizers . -158- 

5-8  Summary  of  Commercially -Available  Phase-Coherent  Frequency 

Synthesizers  . . -160- 

5- 9  TWT  Tube  Parameters  .  .  .' . -168- 

6- 1  Down  Link  Power  Budget  Summary. . -191- 

7- 1  Available  Multiple  Access  Techniques . -216- 

7-2  Approximate  Propagation  Times . -229- 

7-3  Intermodulation  Products  in  Fundamental  Zone  ............  -238- 

7-4  Minimax  Strategies,  Four-Level  Quantization .  . .  -256- 

7-5  Decoding  Metric,  Four-Level  Quantization . -257- 

7-6  Sequential  Decoder  Undetected  Error  Probability .  -264- 

7-7  Measured  Probability  of  Resynchronization .  -275- 

7-8  Statistical  Resynchronization  Performance .  -280- 

7-9  Possible  Satellite  Power  Budgets . -305- 

7-10  Signal  Sequence  Cases  . . -313- 

7-11  Simulation  of  Coherent  System  . . -347- 

7-12  Simulation  of  Phase  Lock  Loop  System.  ,  . . ,  -348- 

7-13  Simulation  of  Costas  Loop.  . . -350- 

7-14  Effect  of  Loop  Bandwidth  . . -360- 

7-15  Summary  of  Analyses  and  Simulations  of  Synchronization  Performance  -365- 

7-16  Degradation  with  Multiple  Levels,  . . -372- 

7-17  Output  S/N  Per  Bit  with  Multiple  Time  Samples .  . . -374- 

7-18  Effect  of  Gain  and  Delay  Differentials  on  Delay  Lock  Loop  Tracking 

Error  ..................................  -406- 

7-19  Frequency  Selection  Summary . -439- 

7-20  Absolute  Position  Accuracy  in  Vicinity  of  North  Pole  . . -445- 

7-21  Minimum  Performance  Requirements  . . -456- 

7-22  Representative  Inertial  Navigation  System  Error  Sources . -475- 

7- 23  Error  Propagation  Equations  -  Locally  Level  Inertial  Nagivation 

System . -476- 

8- 1  Flight  Profiles . -644- 

8-2  Terminal  Area  Flight  Times . -645- 

3-3  Summary  of  Scenario  Data  . .  -655- 

<5-4  Computer  File  Codes  . . -661- 


xix/xx 


SECTION  I 


INTRODUCTION 

This  Technical  Report,  presented  in  three  volumes,  covers  the  vork  performed 
under  Tasks  A001,  A002,  ana  A003  of  the  Statement  of  Work,  Integrated  Function  (CNI) 
Waveform  Design,  over  the  period  12  February  1969  to  11  October  1969.  The  study 
provides  modulation/coding  tradeoff  studies  which  lead  to  identification  of  a  preferred 
single  waveform  structure  suitable  for  integration  of  the  communication,  navigation, 
and  identification  functions  into  a  CNI  transceiver/processor  satisfying  the  brc;  d 
requirements  of 

•  Direct  point  to  point  voice/digital  communication. 

•  Remote  voice/digital  communication  through  a  satellite  repeater. 

•  Passive  enroute  navigation  using  satellites  in  known  orbits. 

•  IFF  interrogation  and  response. 

•  Landing  mode  navigation. 

Definition  of  the  full  capacity  waveform  with  a  nominal  100  MHz  or  wider  bandwidth  is 
the  major  study  task  A001. 

The  ultimate  CNI  system  based  on  the  full  capacity  waveform  may  be  deployed 
in  the  1980  time  frame  or  beyond,  and  would  be  implemented  with  advan<  ed  technology 
to  meet  operational  requirements  to  be  evolved  in  future  system  studies  by  USAF. 

Within  the  present  stat‘,  of  the  art,  a  demonstration  concept  is  developed  under 
task  A002  for  the  purpose  of  enabling  immediat'i  demonsu  ation  of  the  feasibility  of 
integrating  separate  functions  uao  a  single  waveform.  The  parameters  of  this  demon¬ 
stration  version  are  appropriate.}^  scaled  from  the  full  capacity  waveform.  A  func¬ 
tional  engineering  design  of  the  CNI  transceiver/processor  implementing  the 
demonstration  concept  is  carried  out  under  task  AO 03. 

The  study  was  conducted  by  Magnavox  Research  Laboratories  (MRL)  in 
Torrance,  California,  with  a  portion  contributed  by  the  Magnavox  Advanced  Systems 
Analysis  Office  (ASAO)  in  Silver  Spring,  Maryland. 
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SECTION  n 

CONCLUSIONS  AND  RECOMMENDATIONS 


The  Integrated  Function  (CNI)  Waveform  Study  conducted  by  Magnavox  Research 
Laboratories  has  been  quite  successful  in  that  the  concept  of  a  single  wsveform  to  par* 
form  multiple  functions  is  shown  to  be  feasible  and  practical.  The  full-capacity  fre¬ 
quency  hon  /pseuddHoifie/  time  hop  (FH/PN/TH)  waveform  wa«  selected  by  tradeoff 
studies  as  the  preferred  waveform  offering  the  best  compromise  between  maximizing 
theoretical  performance  and  realizing  a  goal  of  practical  implementation  witbin.the 
state  of  the  art.  The  results  of  the  study  are  described  in  a  logical  conceptual  order 
of  defining  various  candidate  waveforms  and  comparing  them  with  respect  to  CNI 
assumptions  and  design  criteria.  In  the  absence  of  a  definitive  CNI  system  require¬ 
ment,  reasonable  postulates  are  made  as  deemed  necessary  for  selecting  a  preferred 
full  capacity  waveform. 

The  choice  of  a  frequency  hop/pseudonoise/time  hop  (FH/PN/TH)  waveform  is 
made  considering  the  conflicting  factors  of 

o  Efficient  use  of  satellite  ERP. 

•  Multiple  access  of  large  dynamic  range  signals. 

•  Multipath  protection  with  omni-user  antenna. 

m  Synchronization  time. 

•  Range  and  range  rate  measurement  accuracy. 

•  Equipment  complexity  with  multi-functions. 

Although  firm  system  requirements  were  not  imposed  by  the  Statement  of  Work  for  the 
study,  nevertheless  it  was  possible  to  perform  tradeoffs,  considering  all  the  above 
factors,  to  arrive  at  a  specific  preferred  full  capacity  waveform,  and  to  evaluate  per¬ 
formance  parameters  thereof.  This  choice  cf  waveform  will  apply  to  a  postulated 
CNI  environment  which  is  believed  to  be  representative  of  a  ‘'worst  case".  An  opera¬ 
tional  analysis  based  on  information  available  for  typical  future  air  traffic  control 
environment  supports  this  worst  case  and  can  be  used  for  more  extensive  and  quanti¬ 
tative  evaluations  of  realistic  (as  opposed  to  worst  case)  multiple  access  capacities. 
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Economical  implementation  of  the  preferred  full-capacity  FH/PN/TH  waveform 
at  the  present  state  of  the  art  will  tend  to  depend  on  technology  advances  in  the  areas 
of 

•  Wide  dynamic  range  RF  receiver. 

•  Coherent  frequency  hop  synthesizer. 

•  High  peak  power  pulse  transmitter. 

•  LSI  implementation  (specifically,  digital  matched  filter). 

It  is  recommended  that  technology  developments  be  pursued  in  these  areas.  A  trans¬ 
ceiver  design  demonstrating  the  preferred  waveform  with  the  coherent  FH/PN  precise 
range  tracking  loop  but  wivh  scaled  parameters  can  be  specified  within  the  current 
state  of  the  art  for  immediate  fabrication,  or  possibly  for  a  restricted  breadboard 
demonstration  of  critical  portions  such  as  the  coherent  tracking  loop. 

As  possible  continuations  of  the  present  waveform  study  effort,  a  number  of 
areas  can  be  suggested: 

1.  Analysis  on  such  topics  as  AGC  concepts,  synchronization  with  short 
code  lengths  in  matched  filter,  error-correction  codes  for  short  messages 
(IFF). 

2.  Preliminary  design  and  of  specialized  sequential  decoder  for  CNI 
applications  (low  data  rates)  using  already  developed  computing  algorithm. 

3.  Further  concept  formulation  studies,  such  as  exotic  satellite  antenna/ 
waveform  combinations,  other  applications  of  active  ranging,  and  interfaces 
with  civilian  and  other  military  systems. 

A  full  system  design  is  a  future  step  in  the  orderly  evolution  of  the  overall  CNI 
implementation. 

This  report  is  presented  in  three  separate  volumes.  Volume  I  covers  the 
assumptions,  the  concept  formulation  effort  leading  to  selection  of  a  preferred  wave¬ 
form,  the  technology  implications  thereof,  che  demonstration  concept,  and  the  con¬ 
clusions  and  recommendations  of  the  study.  Volume  n  presents  the  results  of 
performance  analysis  and  simulation  and  the  operational  analysis,  which  support  the 
waveform  choice  given  in  Volume  I.  Volume  III  present*  navigation  considera¬ 
tions  for  the  enroute  case. 
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SECTION  m 
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ASSUMPTIONS  AND  DESIGN  CRITERIA 

The  major  assumptions  and  design  criteria  that  are  used  in  the  waveform 
study,  so  as  to  yield  an  integrated  CN1  design  that  efficiently  meets  the  requirements 
in  the  RADC  statement  of  work,  are  listed  as  follows: 

3. 1  ASSUMPTIONS 

1.  Though  the  study  covers  modulation  tradeoffs  rather  than  overall  sys¬ 
tem  design,  the  requirements  imposed  on  system  interfaces  by  each  waveform 
need  to  be  considered.  Examples  would  be  those  concerning  the  need  for 
satellite  processing,  if  any,  steerable  antennas,  and  IIS  transponder 
configuration. 

2.  An  omni-antenna  is  assumed  in  the  aircraft  for  the  remote  satellite 
mode  as  well  as  the  direct  mode.  This  represents  a  system  worst  case  and 
is  to  allow  for  inclusion  of  small,  lower  cost  aircraft  in  the  system.  Large 
aircraft  users,  which  could  accommodate  directive  antennas  in  the  satellite 
mode  and  which,  therefore,  represent  a  best  case,  could  obviously  be  com¬ 
patible  with  the  worst  case  waveform  design.  Carrier  frequencies  in  the 
lower  end  of  the  1  to  10  GHz  band  are  assumed. 

3.  A  four-satellite,  621  B  (NAVSAT)  geometry  is  assumed  for  passive 
hyperbolic  enroute  navigation. 

4.  No  specific  COM  satellite  configuration  is  presumed  here,  except  that 
plausible  satellite  parameters  are  anticipated  (satellite  maximum  RF  power 
amplifier  output  of  200  W  to  1  KW  average?,  multiple  electronically  steerable, 
2-degree  pencil  beams  in  addition  to  an  earth  coverage  beam;  the  COM  satel¬ 
lite  is  at  synchronous  altitude) «, Different  waveform  designs  will,  however, 
constrain  the  number  of  COM  satellites  that  can  be  used  simultaneously  in  a 
given  field  of  view  from  an  aircraft  terminal  and  in  a  frequency  band  (this 
pertains  to  coordinated  waveforms  versus  uncoordinated  waveforms).  Never¬ 
theless,  if  one  presumes  adequate  isolation  between  satellites,  on  the  basis 

of  either  antenna  beam  spatial  discrimination  or  frequency  discrimination  then 
a  waveform  solution  that  is  designed  for  all  COM  traffic  through  a  single 
satellite,  is  also  applicable  to  the  case  where  multiple  satellites  are 
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simultaneously  used  for  COM.  The  latter  would  include  the  case  where  each 
of  the  four  satellites  in  the  621  B  configuration  are  simultaneously  used  for 
COM  and  NAV. 

5.  In  the  ILS  mode  the  beam  rider  and  active  ranging  concepts  are  pre¬ 
sumed.  However,  should  the  system  design  ultimately  use  hyperbolic  ILS 
navigation  instead,  the  waveform  design  for  the  enroute  phase  would  still 
apply. 

6.  In  the  IFF  mode,  no  one  IFF  system  concept  will  be  presumed.  How¬ 
ever,  the  capability  of  the  candidate  waveforms  to  be  used  in  the  alternate 
concepts  will  be  considered  (alternate  IFF  system  concepts  include  addressing 
and  reply  on  the  basis  of  known  aircraft  position,  addressing  and  reply  on  the 
basis  of  exclusive  slot  assignments  that  can  be  made  in  a  highly  disciplined 
system,  and  addressing  on  the  basis  of  known  angular  orientation  and  discrim¬ 
inating  the  replies  on  the  basis  of  time-  of-arrival). 

7.  Though  no  scenarios  have  been  furnished  with  the  Statement  of  Work 
(that  would  give  COM  link  needlines,  near-far  power  distribution  multipath 
geometries,  and  jam  threats),  nevertheless,  a  common  hounding  set  (including 
worst  case  and  average  case)  of  assumptions  cm  and  are  used  to  evaluate  all 
modulation  techniques.  For  example,  the  worst  case  near-far  situation  for 
multiple  access  in  the  direct  mode  would  have  all  other  access  signals 
received  at  greater  signal  strength,  whereas  the  average  case  situation  would 
have  half  the  accesses  at  greater  strength  and  half  at  less  strength.  This 
would  be  for  a  waveform  concept  involving  no  power  control.  The  multipath 
reflections  for  the  different  accesses  are  also  weighted  by  the  above  near-far 
power  assumptions  as  well  as  by  the  expected  reflection  characteristics  for 

a  given  earth  situation.  In  the  case  of  jamming,  both  the  simple  broadband 
noise  type  (for  which  the  modulation  processing  gain  is  the  key  factor)  and 
optimum  intelligent  jam  type  are  considered.  In  the  latter  regard,  since  dif¬ 
ference  optimum  jam  strategies  apply  to  different  modulations,  then  different 
jam  threat£;arc:consider6u. 

8.  Though  common  band  operation  of  all  aspects  of  CNI  is  desirable, 
including  the  direct  and  remote  modes,  the  obvious  use  of  separate  frequency 
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bands  as  appropriate,  is  assumed  .  still  part  of  this  study.  A  bandwidth  in  the 
order  of  100  MHz  is  considered  for  eaoh  band  so  as  to  achieve  at  least  a 
theoretical  46  db  processing  gain  for  a  £400  bps  channel. 

9.  Though  the  availability  of  precise  global  timing  and  of  atomic  clocks 
is  not  presumed,  it  is  assumed  that  operational  procedures  to  allow  transfer 
and  update  of  timing  are  allowed.  The  airborne  terminal  then  can  be  postulated 
(for  purposes  of  the  study)  to  have  a  timing  accuracy  that  corresponds  to  the 
precision  of  measuring  range  actively,  or  the  precision  of  measuring  NAV 
using  the  NAVSAT’s,  even  though  the  aircraft  may  have  only  a  10~7  clock. 
Similarly,  insofar  as  interface  with  adjacent  terminal  areas  is  concerned,  any 
necessary  coordination  (e.  g. ,  in  slot  assignments  for  coordinated  waveforms) 
is  not  considered  to  be  a  limiting  factor. 

10.  The  aid  of  an  inertial  platform  (for  NAV  or  sync  tracking)  is  presumed 
not  necessarily  available.  However,  utilization  of  its  availability  is  considered. 

3.2  DESIGN  CRITERIA 

The  overall  design  goals  for  the  CNI  waveform  are  to  reduce  the  plethora  of 
black  boxes  (and  thus  complexity)  by  means  of  commonality  of  waveform  design,  to 
extend  performance  in  critical  areas  over  the  present  state-of-the-art,  and  to  maximize 
overall  performance  effectiveness.  In  these  regards,  key  design  criteria  that  are 
considered  in  the  design  of  candidate  systems  for  CNI  include  the  following: 

1.  Though  a  common  waveform  is  the  desired  goal  and  though  the  basic 
RFP  requirements  can  be  met  with  a  given  design,  typically  the  relative  per¬ 
formance  efficiency  for  each  of  the  COM,  NAV,  and  IFF  function  modes  of  a 
design  is  different.  Therefore,  the  degree  to  which  one  should  be  optimum, 
say  in  the  COM  mode  versus  being  optimum  in  the  NAV  or  IFF  mode,  must  be 
considered.  Depending  on  the  relative  weighting,  such  tradeoff  deviations 
from  commonality  may  be  considered. 

2.  Similarly,  since  the  environment  for  the  direct  mode  is  significantly 
different  from  that  for  the  remote  mode,  the  onttmality  of  the  common  wave¬ 
form  design  for  the  two  modes  must  be  traded  off  and  appropriately  weighted. 


3.  Dynamic  range  (which  means  the  capability  to  receive,  in  the  nearby 
vicinity  of  independent  transmitters,  a  desired  signal  from  a  distant  trans¬ 
mitter)  should  be  maximized,  This  factor  (sometimes  described  as  tb.e  near/ 
far  problem),  involves  both  the  relative  distances  and  power  differential 
involved  (greater  than  100  db  is  a  plausible  worst-worst  case,  80  db  is  a 
plausible  worst  case,  and  30-40  db  may  be  a  plausible  average  type  case),  and 
also  the  number  of  adjacent  transmitters. 

4.  Multipath  interference  (considered  both  in  terms  of  forward  propagation 
and  also  in  terms  of  backscatter  propagation)  represents  a  significant  inter¬ 
ference  situation  that  should  be  discriminated  against.  Forward  scatter  multi- 
path  could  limit  detection  reliability  and  accuracy,  whereas  backscatter  multi- 
path  could  limit  dynamic  range. 

5.  Spectrum  splatter  and  time  splatter,  due  to  equipment  effects,  and 
pulse  shapes,  should  of  course  also  be  aninimizdd.  The  effects  are  particularly 
significant  in  limiting  dynamic  range. 

6.  System  power  and  bandwidth  efficiency  should  be  maximized.  This 
allows  both  a  maximization  of  the  number  of  simultaneous  multiple  access 
signals  allowed  and  the  amount  of  A/J  obtained,  for  the  cases  of  COM  and 
IFF.  For  the  case  of  NAV,  both  the  accuracy  and  fix  rate  are  maximized 
with  or  without  jamming.  There  is  a  plausible  tradeoff  between  the  two  fac¬ 
tors  of  antijam  and  multiple  access.  Selecting  a  design  that  maximizes  this 
tradeoff  curve  for  all  values  of  the  parameters  is,  of  course,  desirable 
(e.g. ,  coordinated  waveform  systems).  On  the  other  hand  other  system 
designs  (uncoordinated  ones)  may  not  allow  optimization  at  all  values.  For 
example,  a  modulation/coding  combination  that  maximizes  multiple  access 
performance  in  the  direct  mode  (with  a  near-far  problem)  in  the  absence  of 
jamming  may  not  be  the  optimum  combination  against  jamming  in  the  absence 
of  multiple  access.  Therefore,  in  this  case  a  weighting  of  the  significance 
of  multiple  access  efficiency  versus  antijam  efficiency  must  be  considered. 

7.  The  capability  to  obtain  accurate  NAV  measurements  under  ihe  condi¬ 
tions  of  high  range  acceleration  (e.  g. ,  8  g’s.for  high-performance  aircraft), 
and  also  high  range  rate  or  Doppler,  should  desirably  be  obtained.  Otherwise, 
there  would  be  a  tradeoff  of  having  to  depend  on  external  aids,  such  as  an 
inertial  platform. 
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8.  The  connectivity  of  the  system  should  be  enhanced  by  appropriate 
waveform  design.  Connectivity  denotes  the  ability  of  any  of  a  group  of  desired 
terminals  o  be  connected  (at  least  in  a  monitoring  and  interrogation  sense)  to 
all  other  desired  terminals  at  the  same  time.  A  tradeoff  is,  of  course,  involved 
here  in  the  number  of  parallel  equipments  one  should  provide  with  aiy  resultant 
limitations  on  dynamic  range  versus  the  impact  on  other  criteria  due  to  the 
constraints  imposed  on  the  waveform. 

9.  Total  system  reaction  time  to  a  change  must  be  considered  and  mini¬ 
mized  as  well  as  the  time  to  acquire  sync  in  the  receiver.  Actually  reaction 
time  is  the  sum  of  sync  time  and  time  for  supervisory  signaling  and  parameter 
setting  when  the  system  must  be  reorganized.  For  uncoordinated  waveform 
systems  the  reaction  time  is  essentially  just  the  sync  time,  whereas  for 
coordinated  types  of  waveform  systems  the  reaction  time  includes  the  addi¬ 
tional  operations  plus  the  relative  position  of  one's  slot  in  a  frame  (for  time- 
hopped  waveforms).  The  relative  significance  of  given  values  of  total  reaction 
time  must  be  considered. 

10.  The  design  values  for  sync  acquisition  time  should  include  both  the 
corresponding  value  of  probability  of  success  expected  as  well  as  the  length 
of  time  involved  (20  msecs  in  statement  of  work).  Failure  to  achieve  sync  in 
that  time  me:  ns  that  repeated  tries  must  be  made,  and,  therefore,  more  time 
taken.  In  the  case  of  time  hopped  waveform  designs,  where  a  preamble  is 
allowed  for  sync,  this  can  further  mean  loss  of  a  block  of  data  iu  addition  to 
the  fact  that  repeated  sync  acquisition  attempts  must  be  made  at  intervals 
spaced  by  a  whole  frame  length. 

11.  The  full  utilization  of  the  information  in  each  of  the  three  chancel  out¬ 
puts  (COM,  NAV,  IFF)  should  be  used  to  aid  the  operation  of  the  other  channels 
(the  airborne  computer  is  also  employed  in  the  processing)  so  as  to  maximize 
total  performance  for  each  function.  Different  waveforms  will  have  different 
capabilities  in  this  regard  that  will  impact,  therefore,  on  total  performance. 

12.  The  particular  satellite  system,  antenna  system,  and  ground  station 
system  that  is  assumedhas  a  significant  impact  on  waveform  performance, 
and,  therefore,  choice.  One  cannot  really  design  the  optimum  CM  waveform 
without  considering  possibilities  in  these  regards,  such  as  satellite  processing 
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schemes  and  multiple  narrow  beam  antennas.  In  comparing  alternate  waveforms, 
the  differences  in  interface  requirements  must  be  factored  in,  though  of  course 
the  impact  on  the  airborne  transceiver  should  be  of  dominant  importance. 

13.  The  waveform  design  should  have  flexibility.  That  is,  though  the  system 
would  meet  the  current  requirements  of  the  statement  of  work,  it  should  not  be 
a  rigid  design  that  is  frozen  to  these  requirements,  with  a  significant  redesign 
needed  to  allow  a  requirements  change.  For  example,  plausible  changes  one 
could  conceive  are  a  change  in  bit  rate  (and  possibly  bit  error  rate)  to  allow 
compatibility  with  other  communication  systems  (e.  g, ,  vocoder  versus  delfcs  • 
mod  voice),  increase  in  multiple  access  requirements  as  part  of  normal  and 
projected  system  growth,  change  in  direct  mode  range  (e.  g. ,  600  mile.*  versus 
300  miles),  change  in  frequency  spectrum  "assignment  or  occupancy,  cb  ’mge  in 
aircraft  antenna  and  satellite  system  types  one  interfaces  with,  and  ch,  lge  in 
ranging  or  navigation  technique  (this  is  meant  co  be  the  philosophy  or  concept 

of  ranging;  e.  g. ,  transponder  methods  verofls  hyperbolic  ones  -  and  i*  is 
meant  in  the  sense  of  changes  from  the  initial  assumptions  of  the  study). 

14.  Maximum  compatibility  with  a  civilian  environment  is  desired.  This  is 
taken  to  mean  that  more  economical,  but  lower-performance,  civilian  deriva¬ 
tives  of  the  military  design  can  be  synthesized  that  are  effective,  and  that  the 
military  design  must  be  able  to  coexist  with  current  civilian  systems  (e.  g. , 
collision  avoidance  and  landing  systems).  As  far  as  being  able  to  evolve 
gradually  from  current  systems  to  the  ultimate  military  system,  this  is  not 
considere  d  to  be  an  initial  constraint  in  concept  formulation  here.  Rather, 

it  is  a  factor  that  one  considers  after  an  optimum  design  has  been  determined. 

It  is  obviously  a  desired  goal  that  a  gradual  evolution  be  possible.  However, 
the  weighting  of  the  overall  significance  of  compatibility  with  a  civilian 
environment  is  not  really  considered  here. 

15.  Cost  and  complexity,  and  time  frame  of  implementation  are  also  to  be 
considered  as  significant  criteria  in  waveform  system  synthesis.  Co3t  and 
complexity  factors  are  considered  in  a  relative  and  qualitative  sense.  However, 
*'e  ability  of  a  given  waveform  design  to  allow  timesharing  of  equipments  has  a 
more  specific  measure.  The  weighting  of  performance  versus  the  factors  of 
cost  and  complexity  is  significant  to  waveform  selection.  Time  frame  of 


Implementation  of  an  optimum  system  is  considered  to  be  in  the  next  decade  or 
so,  but  a  technological  base  to  insure  implementafcility  of  all  the  techniques  in 
the  early  1970's  is  desirable,  at  least  for  purposes  of  demonstration  feasibility, 


16.  Digital  processing  techniques  will  be  emphasized  for  implementation 
since  they  have  potential  to  benefit  from  U9I/MSI  computer  technology.  Digital 
filters,  Fast  Fourier  Transform,  digital  matched  filter,  digital  phase  lock 
loops  represent  examples  which  could  be  implemented  either  as  special  pur¬ 
pose  digital  circuits  or  by  computer  software. 


SECTION  IV 


CONCEPT  FORMULATION 

In  this  section  tbo  overall  waveform  design  concepts,  that  meet  the  require- 

i 

merits  cf  the  Statement  of  Work  and  are  designed  in  accordance  ,.1th  the  assumptions 
and  criteria  stated  in  Section  in,  are  considered.  This  discussion  of  waveform  con¬ 
cepts  includes  identification  of  the  basic  alternate  waveform  types  considered  and  the 
rationale  for  their  consideration,  a  comparison  of  their  relative  performance,  the 
selection  of  a  plausible  one  of  these  for  more  detailed  study,  and  a  detailed  description 
of  this  waveform  in  terms  of  its  overall  performance,  operation,  and  interfaces.  The 
scope  of  the  concept  study  here  is  solely  within  the  A001  Task  of  the  Statement  of 
Work.  Demonstration  concept  aspects  (within  the  scope  of  the  A002  and  A003  Tasks  of 
the  Statement  of  Work)  not  considered  in  this  concept  formulation  discussion  are  treated 
in  Section  VI.  Also,  it  is  noted  that  the  key  techniques  involved  in  the  waveform  design 
are  only  identified  and  discussed  briefly  as  appropriate  to  the  overall  concept  formula¬ 
tion  in  this  section,  but  that  the  detailed  analysis  and  synthesis  of  techniques  and  also 
the  detailed  performance  analyses  are  covered  in  Volume  n. 

A  basic  waveform  discussion  follows. 

4.1  GENERIC  WAVEFORMS  : 

The  basic  or  generic  waveform  types  are  categorized  here  in  terms  of  coarse 
and  fine  structure.  The  coarse  waveform  structure  is  determined  by  the  extent  and 
nature  of  coordination  that  is  designed  among  the  different  access  signals.  The  fine 
waveform  structure  is  determined  by  the  access  signal  characteristics.  Though  many 
waveform  varieties  are  still  possible  with  this  type  of  categorization,  one  can  limit 
the  list  to  five  broad  types  that  representatively  emphasize  different  criteria  in  . 

Section  HI  and  that  all  meet  the  requirement  of  the  Statement  of  Work  (but  with  dif¬ 
ferent  degrees  of  overall  performance  effectiveness  since  different  criteria  are 
emphasized).  These  five  types  are  identified  by  their  salient  characteristic,  as  dis¬ 
cussed  subsequently.  Many  additional  waveforms  are,  of  course,  possible  but  these 
arc  all  considered  as  variations  (such  as  in  modulation/coding  combinations,  or  in  the 
specific  blending  of  hybrid  characteristics)  in  the  appropriate  category  types.  By 
examining  the  illustrative  waveform  types  initially,  one  can  determine  both  the  best 
ones  as  well  as  the  specific  variations  that  optimize  performance. 
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The  five  waveform  system  types  comprise: 

1.  A  coordinated,  frequency  hopping  waveform  -  the  COM,  NAV, 
and  IFF  functions  each  use  similar  frequency  hop  waveforms  to  the 
maximum  extent  possible  tnt  they  can  be  time  division  -  or  frequency 
division  multiplexed  with  each  other. 

2.  A  coordinated  time  hopping  waveform  -  the  COM,  NAV,  and 
IFF  functions  each  use  this  type  of  waveform  and  are  also  time 
division  or  frequency  division  multiplexed  with  each  other. 

3.  An  uncoordinated  frequency  hop  waveform  -  the  COM,  NAV, 
and  IFF  functions  are  also  uncoordinated  with  each  other  and  use 
/similar  waveforms.. 

/ 

/ 

/ 

'  4.  An  uncoordinated  time-hopped  waveform  -  the  COM,  NAV,  and 

IFF  functions  are  also  uncoordinated  and  use  similar  waveforms. 

5.  A  hybrid  involving  a  coordinated  waveform;  e.  g. ,  a  time- 
hopped  one,  in  just  the  satellite  mode  but  a  corresponding  uncoor¬ 
dinated  waveform  in  the  direct  mode. 


A  pure  pseudonoise,  spread  spectrum,  multiple  access  waveform  is  not  included  as  a 
basic  waveform  type  because  its  fundamental  limitations  to  handle  dynamic  range  in  the 
direct  mode  rule  it  out  of  consideration  here.  Now  in  each  waveform  type  indicated,  a 
hybriding  with  other  waveforms  is  included  where  desired,  but  the  dominant  character¬ 
istic  of  the  waveform  is  the  one  used  to  describe  it.  For  example,  the  FH/PN  wave¬ 
form  that  involves  frequency  hopping  of  low -chip  rate  PN  waveforms  is  described  as 
predominately  an  FH  waveform  type;  a  TH/PN  or  TH/FH  waveform  that  involves  only 
a  few  PN  chips  or  a  few  frequency  channels,  respectively,  is  described  as  predomin¬ 
ately  a  TH  waveform  type.  Also,  in  the  case  of  hybriding  methods  of  coordination,  if 
the  bulk  of  the  traffic  capacity  (i,  e, ,  most  of  the  2400  bps  COM  accesses)  is  coordina¬ 
ted,  then  though  the  NAVSAT  or  some  signaling  or  IFF  functions  may  be  uncoordinated, 
the  waveform  is  described  as  predominantly  a  coordinated  one. 

Also,  it  is  noted  that  all  five  waveform  types  here  are  considered  to  be  random 
access,  discrete  address  waveforms  (the  coordinated  waveform  types  would  need  a 
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discrete  address  signaling  function  for  this  purpose  whereae  the  uncoordinated  wave¬ 
forms  have  this  as  an  inherent  by-product).  v 

4. 1. 1  COORDINATED  FH 

The  coordinated  frequency  bop  waveform  is  one  where  each  user  is  coordinated, 
by  means  of  time  sync  and  possibly  NAV  platform  and  power  control  aids,  so  that  the 
transmissions  will  overlap  in  frequency  only  for  a  small  percentage  of  a  bit  interval, 
if  at  all,  so  that  coding  can  correct  for  this  overlap  and  so  that  each  user  transmission 
is  detected  essentially  free  of  mutual  interference.  The  frequency  hop  sequences  used 
by  each  terminal  together  occupy  the  entire  band.  Because  of  the  limited  number  of 
accesses  and  the  desire  to  provide  add&d  protection  against  multipath  and  jamming, 
each  user  waveform  is  also  modulated  by  narrow  band  PN.  One  then  actually  has  a 
coordinated  FH/PN  waveform  where  the  band  occupancy  is  fiat  for  all  users  at  the 
same  power  level.  Such  a  waveform  would  be  used1  for  the  COM  and  NAV  and  discipli* 
bed  IFF  transmissions.  However,  for  discrete  address  signaling  that  precedes  getting 
into  the  coordinated  state  for  COM  and  for  random  access  IFF  a  swept  frequency  or 
spectral  analysis  type  of  implementation  is  required  if  the  transmissions  here  are  to  be 
realized  as  essentially  non-overlapping.  Alternatively,  uncoordinated  FH/PN  wave¬ 
forms  would  be  used  for  the  IFF  and  discrete  address  signaling  functions.  Error 
correction  coding  would  be  depended  on  to  reduce  the  effect  of  mutual  interference. 
Because  of  the  smaller  number  of  signaling  accesses  (and  random  IFF)  the  use  of  such 
uncoordinated  waveforms  would  not  degrade  system  efficiency  as  much  as  would  bv  the 
case  if  such  waveforms  were  used  for  the  COM  function,  which  have  a  large  number  of 
accesses. 

Now  for  the  coordinated  FH/PN  waveform  system  here  (where  it  is  seen  that 
this  description  pertains  primarily  to  what  waveform  is  used  for  the  high  capacity  or 
COM  traffic,  regardless  of  whether  coordinated  or  uncoordinated  waveforms  are  used 
for  the  IF  F  and  signaling  functions),  the  COM,  NAV,  and  IFF  functions  are  further 
coordinated  by  sending  them  on  a  time  division  multiplex  basis.  That  is,  in  a  given 
frame  interval  a  separate  time  slot  is  assigned  for  NAV  transmission  and  fixing 
(actually  this  slot  comprises  four  sub-slots  to  allow  for  fixing  from  four  separated 
NAV  signal  sources),  another  time  slot  is  assigned  for  random  IFF  and  discrete  add  - 
ress  signaling  for  COM  (the  time  slot  actually  consists  of  the  three  sub-slots  to  allow 
handling  of  three  simultaneous  queries),  and  the  rest  of  the  time  is  assigned  for  COM 
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in  the  coordinated  state.  The  NAV  and  IFF/signaling  slots  occupy  a  small  percentage 
of  the  frame  because  of  the  low  information  content  for  these  functions. 

The  reasons  for  such  TDMA  control  of  the  COM",  NAV,  and  IFF  functions  are 
fourfold:  to  minimize  mutual  interference  between  functions,  and  thus,  to  maximize 
efficiency;  to  allow  timesharing  of  receiver  (tvr  possibly  satellite  antenna)  equipments; 
to  avoid  a  sampling  loss  in  link  S/N  if  one  were  to  time  share  equipments  without 
coordination;  and  to  provide  for  hig^  track  loop  bandwidths  for  the  low -bit  NAV  and  IFF 
functions  so  that  large  range  accelerations  due  to  aircraft  maneuvers  will  not  result  in 
loss  of  lock.  To  achieve  rapid  sync  for  each  function,  and  also  to  allow  for  effective 
d'.^crete  addressing,  a  digital  matched  filter  for  the  PN  component  is  included  as  part 
of  the  FH/PN  waveform  concept  here. 

Consider  further  the  description  of  the  coordinated  FH/PN  waveform  approach 
by  discussing  separately  each  of  the  COM,  NAV,  and  IFF  functions,  the  method  of  sync, 
and  the  multiplexing  of  the  functions, 

4. 1, 1. 1  Communication 

For  the  COM  function,  a  200  KHz  PN-coded  waveform  is  used  on  any  of  500 
frequency  channels  that  together  occupy  a  100  MHz  total  bandwidth.  This  allows  500 
simultaneous  COM  accesses  on  separate  frequency  channels;  i.e.,  with  no  co-use  of 
a  frequency  channel.  The  PN  spectrum  and  frequency  channel  selectivity  is  so  designed 
that  negligible  spectrum  splatter  and  cross-talk  occurs,  so  that  in  essence,  orthogo¬ 
nality  of  waveforms  exists  even  in  the  presence  of  a  "near-far"  power  differential  at 
least  as  high  as  80  db  (a  tunable  P.F  preselector  is  required).  Freauency  hopping  of 
channels  by  each  user  also  is  provided  to  provide  spread  spectrum  protection  against 
jamming  and  diversity  against  multipath.  The  hopping  is  coordinated  amongst  the  500 
accesses  (the  game  of  "musical  chairs")  so  that  orthogonality  of  channel  usage  at  any 
instant  is  maintained  (except  for  propagation  delay  overlap)  and  all  500  channels  are 
occupied  at  any  instant.  To  a  jammer,  the  system  hopping  still  appears  to  be  essen¬ 
tially  random.  With  such  an  orthogonal  waveform  design,  a  high  multiple  access/AJ 
efficiency  results  (the  AJ  protection  is  actually  independent  of  the  fraction  in  use  of 
the  500  total  maximum  access  capacity). 

Because  of  propagation  delay  differences  (maximum  of  1. 8  milliseconds  for  300 
miles)  amongst  COM  terminals,  and  of  course  the  fact  that  omni  antennas  make  one 
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vulnerable  to  mutual  Interference  unlea*  one  deelgne  against  It,  fee  maximum  coor¬ 
dinated  hopping  rate  ia  limited.  If,  for  example,  it  le  selected  ae  150  bps  (for  a  hop 
dwell  time  of  6. 67  milliseconds)  then  there  oould  he  a  mutually  interfering  overlap  of 
up  to  25%  (1. 8  milliseconds  out  of  6, 67  milliseoonds)  from  a  distant  terminal  that  had 
just  been  using  the  same  frequency.  Increased  overlap  of  course  results  from  a  higher 
hop  rate,  and  less  overlap  from  a  lower  rate.  By  providing  an  additional  25%  redun¬ 
dancy  (i.e. ,  over  and  above  that  for  the  redundancy  in  the  normal  coding  design  for 
direct  in-channel  interference)  in  the  number  of  digits  per  bit  or  in  guard  time,  the 
150  hps  is  allowable  without  degrading  the  orthogonality  of  waveform  design  for  the 
coded  information  bits. 

In  discussions  of  the  coordinating  users  problem,  reference  Is  typically  made 
to  "nets".  It  is  assumed  that  a  net  comprises  a  particular  frequency  hopping  pattern, 
and  only  one  user  in  a  given  net  is  transmitting,  A  given  terminal  may  be  in  several 
nets  simultaneously,  such  us  a  ground  station  controlling  several  groups  of  aircraft. 
Either  coordinated  (orthogonal)  or  non-coordlnated  operation  of  the  nets  may  be  pre¬ 
sumed.  Each  net  may  be  viewed  as  a  single  COM  access. 

For  an  aircraft  initially  to  get  into  a  designated  frequency  hep  net  of  the 
orthogonally  organised  and  coordinated  COM  accesses,  where  the  number  of  slots  is 
less  than  the  number  of  addresses,  the  design  here  would  use  random  access  discrete 
addressing.  This  would  be  done  in  a  separate  allocated  time  slot  which  is  the  same 
one  as  for  the  IFF  function  which  will  be  described  later.  (This  is  a  20-60  millisecond 
time  slot  every  1  second).  The  same  FH  waveform  is  used  as  for  the  organized  mes¬ 
sage  transmission  portion  of  COM,  but  since  it  is  uncoordinated,  the  hop  rate  is  made 
2400  hps  or' even  higher  as  desired.  The  discrete  addressing,  for  the  case  of  an  air¬ 
craft,  will  be  directed  to  a  central  ground  station  in  fee  airport  terminal  area  (could 
be  the  same  master  control  station  used  for  the  hyperbolic  NAV  transmitters),  which 
by  monitoring  and  use  of  stored  information,  can  rapidly  determine  the  availability  of 
and  then  make  initial  assignment  of  an  orthogonal  frequency  hop  sequence  for  aircraft 
use. 


For  a  simple  illustrative  modulation/coding  combination,  the  COM  channel 
would  use  DPSK  modulation  together  with  double  coding  (triple  repetition  with  2  out  of 
3  needed  for  detection,  and  23, 12  Golay  coding).  The  6  to  1  redundancy  in  this  coding 
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together  with  the  additional  25%  indicated  previously  for  frequency  hop  switching,  gives 
a  total  of  8  to  1.  For  a  2400  bps  VOCODER  rate  the  digit  irate  is  IB,  200/second;  hence, 
there  is  10  db  of  PN  processing  for  each  digit  at  the  200  kbs  PN  chip  rate.  The  same 
modulation/coding  combination  and  digit  rate  is  used  for  the  random  access  signaling. 
The  processing  gain  (100  MHz  divided  by  the  2400  bps  rate)  is  46  db  for  the  COM  mes- 
sage  signal,  whereas  it  theoretically  can  be  greater  than  this  amount  by  the  reciprocal 
◦f  the  time  slot  duty  cycle  (by  14  db)  for  random  access  signaling,  assuming  that  a  peak- 
to-average  power  trade  is  realized  and  that  the  location  of  the  time  slot  in  each  frame 
is  pseudorandomly  permuted. 

The  modulation/coding  combination  indicated  gives  an  of  11.5  db  for  a 
10"5  bit  error  rate  in  additive  Gaussian  noise.  More  efficient  techniques  that  one  would 
use  include  sequential  decoding  and  even  combination  of  this  coding  with  a  more  effi¬ 
cient  modulation  such  as  coherent  PSK.  Rate-1/2  sequential  decoding  when  combined 
with  DPSK  would  reduce  the  required  E^/Nq  to  7  db  as  described  in  Section  7. 3. 1  of 
Volume  n.  When  combined  with  coherent  PSK  instead  and  with  quantized  demodulation, 
the  theoretical  E^/Nq  is  down  to  3  db,  but  the  practically  implementable  value  would 
be  about  5  db.  However,  the  factor  should  be  weighed  that  the  cruder  DPSK  modulation/ 
coding  combination  is  relatively  simple  and  does  not  require  compensation  inputs  from 
the  NAV  channel  for  efficient  coherent  detection  while  the  aircraft  is  maneuvering.  In 
contrast,  coherent  PSK  track  loops  for  low  bit  rates  need  compensation  for  they  would 
otherwise  lose  lock  during  significant  aircraft  accelerations. 

Because  of  the  long  hop  dwell  time  (400  microseconds  or  80  miles  of  propagation 
delay  for  a  2400  hps  rate)  one  would  not  expect  multipath  reflections  to  overlap  other 
transmissions  and,  thus,  cause  mutual  interference.  Instead,  multipath  will  overlap 
one's  own  transmission.  For  multipath  delay  greater  than  a  PN  chip  interval  (5  micro¬ 
seconds  or  1  mile)  it  will  cause  intersymbol  interference,  but  is  attenuated  by  the  10  db 
PN  processing  gain,  so  that  error  correction  coding  should  be  able  to  handle  the  resid¬ 
ual  effects.  For  multipath  delay  of  less  than  the  PN  chip  interval,  the  effect  will  be 
that  of  "slow  and  flat"  fading.  However,  error  correction  coding  will  still  correct  for 
fading  errors  -  in  fact,  the  multipath  energy  tends  to  be  used  constructively.  The 
effectiveness  of  the  error  coding  here,  of  course,  depends  on  random  independent 
errors  on  a  digit  by  digit  basis.  However,  a  fast  frequency  hopping  over  channels 
spaced  by  more  than  the  reciprocal  of  the  differential  multipath  delay,  will  decorrelate 
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(  )  the  fading  errors  at  the  frequency  hop  rate  so  that  the  amount  of  bit  interleaving 

needed  is  small,  to  assure  random  independent  errors  as  required  for  error  correc¬ 
tion  by  sequential  decoding. 

Figures  4-1  and  4-2  indicate  the  effect  of  multipath  which  is  assumed  to  have  a 
Rayleigh  distribution  (i.e.,  diffuse).  Figure  4-1  indicates  the  effect  of  multipath  fading 
on  the  FH/PN  waveform  approach  for  COM  versus  the  average  relative  power  level  of 
the  multipath  reflection,  when  the  fading  rate  is  slow  compared  with  the  digit  rate. 
Figure  4-2  shows  the  corresponding  effect  when  long  multipath  causes  intersymbol 
interference.  Also,  superimposed  on  the  curve  is  the  result  when  just  a  fast  hopping 
(at  the  digit  rate)  is  used  to  hop  away  from  multipath  so  that  PN  encoding  is  not  needed. 
The  curve  in  Figure  4-2  is  plotted  versus  the  average  relative  power  level  of  multipath 
as  seen  after  PN  processing  in  the  receiver  (for  equal  strength  multipath  into  the 
receiver,  it  should  be  considered  as  10  db  down  for  use  of  the  curves  in  Figure  4-2). 


AVERAGE  POWER  LEVEL  DOWN  OF  MULTIPATH  RELATIVE  TO  DIRECT  PATH 
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Figure  4-1.  Effect  of  Multipath  Fading  (With  Pulse  Overlap) 
on  COM  Performance. 
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Figure  4-2,  Effect  of  Multipath  Interaymbol  Interference 
on  COM  Performance, 


Both  .Figures  4-1  and  4-2  Indicate  the  results  with  DPSK  modulation  wh6n  combined 
with  rate-1/2  sequential  decoding,  as  discussed  in  Section  7.3  of  Volume  II.  It 
is  seen  from  Figures  4-1  and 4-2  that  multipath  of  average  power  up  to  the  direct  sig¬ 
nal  has  a  negligible  impact  on  system  COM  performance  for  the  FH/PN  waveform 
approach  (at  most  2  db). 

The  above  discussion  on  multipath  effects  has  been  concerned  only  with  the 
forward  propagation  multipath,  which  causes  fading  and/or  intersymbol  interference 
effects.,  Backscatter  multipath,  though  down  in  level  but  within  the  dynamic  range 
limits  of  interest,  is  not  discussed  because  the  dwbll  time,  at  a  given  frequency,  of 
each  aircraft  transmitter  is  greater  than  the  200  microsecond  maximum  spread  of 
backscatter  multipath  at  100, 000  foot  altitude.  Therefore,  this  is  not  a  problem  area 
for  this  type  of  waveform  design. 

For  operation  with  a  hard-limited  satellite  repeater,  the  FH/PN  waveform 
concept  requires  power  control  of  all  uplink  COM  transmissions  to  the  satellite.  For 
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just  CM  users,  whether  they  be  small  aircraft  or  large  aircraft  or  ground  terminals, 
this  should  be  no  real  problem  {except  for  deep  multipath  fades)  provided  each  channel 
per  CM  user  takes  the  mm»  24C1*  bps  information  rate.  A  control  scheme  is,  of 
course,  still  required  for  each  transmitter  to  compensate  for  power  fluctuations  due  to 
propagation  range  and  antenna  pattern  variations.  If  desired,  the  CM  satellite  system 
master  control  station  can  process  all  the  status  information  made  available  to  it  and 
direct  the  power  settings  for  e&oh  transmitter.  One  has  here  the  tradeoff  of  central 
control  versus  adaptive  self-contnl.  The  maintenance  of  control  need  be  accurate 
only  to  a  few  db.  On  the  other  hand,  if  the  COMSAT  in  use  is  to  be  more  of  a  general 
purpose  satellite,  rather  than  just  a  dedicated  CM  satellite,  then  the  possible  mix  of 
dissimilar  terminal  users  of  the  satellite  creates  additional  power  control  problems. 
These  are  solved  for  the  FH/PN  waveform  system  here  if  channelized  processing  is 
provided  in  the  satellite  for  the  CM  system  users,  such  as  designed  in  current 
TACSATCOM  concepts.  With  regard  to  intermod  generated  by  multiple  FH/PN  acces¬ 
ses  through  a  hard-limited  satellite  repeater,  the  results  should  be  more  favorable 
than  if  pure  or  discrete  frequency  hop  signal  waveforms  were  used.  The  reason  is 
that  the  FH/PN  accesses,  which  are  essentially  of  equal  power,  and  which  uniformly 
fill  the  rest  of  the  band,  should  appear  as  Gaussian  noise  processes. 

Because  the  satellite  links  are  power  starved  for  the  case  of  omni  aircraft 
antennas,  the  system  has  increased  vulnerability  to  up-link  jamming,  whpre  the 
jammer  would  be  stealing  satellite  power,  thus,  increasing  his  effectiveness.  For 
this  reason,  it  may  be  desirable  to  provide  satellite  processing  in  the  form  of  fre¬ 
quency  dehopping  fo.v  the  FH/PN  signals.  A  tradeoff  exists  between  the  need  to  pro¬ 
vide  such  modulation  processing  on-board  versus  the  AJ  discrimination  possible  with 
very  narrow  satellite  antenna  beams  on  the  up-link  and  on-board  antenna  processing. 

In  any  case,  as  far  as  the  modulation  system  is  concerned,  the  use  of  FH/PN  is 
readily  compatible  with  on-board  modulation  processing,,  as  described,  if  one  sought  to 
uue  it. 

4. 1.1.2  Signaling  and  Random  IFF 

For  random  access  IFF  (as  distinct  from  a  disciplined  IFF  system  design  that 
would  use  the  s.jtmc  waveform  design  as  for  COM),  the  aircraft's  address  is  given  by 
his  instantaneous  NAV  position  together  with  code  control  from  a  common  time  stand¬ 
ard.  The  interrogator  presumably  knows  the  NAV  position  (as  determined  by  other 
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sensors)  of  the  aircraft  he  is  querying,  and,  of  course,  has  the  code-of-the-day  and 
the  same  time  standard.  Random  access,  discrete  addressing  with  nonorth  ogonal 
waveforms  of  die  queried  aircraft  is  presumed.  For  example,  if  one  wanted  to  resolve 

9 

0. 1  mile  intervals  in  space  so  that  10  NAV  addresses  are  involved  in  an  airport  ter¬ 
minal  volume,  then  since  only  500-5000  orthogonal  addresses  are  available  by  frequency 
channeling  (for  conditions  of  a  near-far  power  differential,  only  frequency  channeling  or 
time  channeling  can  be  considered  as  giving  real  orthogonality)  non-orthogonal  situations 
could  result  depending  on  the  aircraft  deployment.  If  it  is  not  required  to  resolve  air¬ 
craft  with  such  precision,  the  design  is,  of  course,  alleviated  somewhat.  However,  a 
large  number  of  required  addresses  are  readily  obtained  in  this  system  by  the  fact  that 
the  FH/PN  combination  gives  up  to  210  different  combinations  (with  10  db  of  PN  pro¬ 
cessing)  for  each  of  the  6  redundant  pulses  per  bit,  all  of  which  could  be  sent  on  any  of 
500  different  frequency  channels  (a  2400  hps  rate  is  assumed  in  the  IFF  mode  -  if 
instead  one  hopped  at  the  digit  rate,  then  the  number  of  address  combinations  is 
increased  since  there  new  are  500  different  channels  possible  and  independently  selec- 
ted  for  each  of  the  6  pulse  positions).  This  number  is  clearly  much  greater  than  10  so 
that  no  problem  in  numbers  of  addresses  exists.  The  interrogation  message  contains 
sufficient  bits  to  indicate  the  instructions  involved,  identification  of  the  interrogator, 
and  even  possibly  the  location  of  the  interrogator  (though  typically  the  latter  informa¬ 
tion  would  not  be  inoluded).  The  interrogated  aircraft  replies,  using  its  rf  address 
that  is  based  on  NAV  position,  but  including  in  the  reply  sufficient  information  bits  to 

indicate  identification  and  position  coordinates.  The  latter  would  require  27  bitB  (for 

g 

0. 1  mile  precise  coordinates,  and  therefore  10  coordinates  in  300  mile  x  300  mile  x 
15  mile  space),  whereas  the  former  would  require  less  than  20  bits.  Allowing  a  few 
bits  for  special  messages  gives  a  total  of  50  bits  needed  for  the  IFF  message  consider¬ 
ing  the  factors  Just  discussed. 

Authentication  of  the  IFF  query  as  well  as  of  the  IFF  reply  is  accomplished 
using  the  same  pseudorandom  key  generator  as  provided  for  the  COM  function  (one 
keyB  at  the  bit  rate  and  the  same  bit  rate  is  used  for  IFF  and  COM)  for  military  users 
since  the  functions  are  time  multiplexed  and  equipment  can  be  shared.  Authentication 
of  random  access  signaling  that  sets  un  the  COM  function,  would  also  be  accomplished 
for  IFF  using  the  same  key  generator.  Synchronization  of  the  key  generator  (which 
runs  continuously  after  being  set  at  take  off)  is  maintained  by  the  common  time  standard 
on  board  each  aircraft  (the  time  standard  must  maintain  key-stream  bit  integrity  to 
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leas  than  0.5  bit  or  209  microseconds  for  2400  bps)  so  that  for  each  IFF  message 
additional  bits  need  not  be  sent  for  resync.  If  a  key  generator  had  not  been  available, 
as  would  be  the  case  for  civilian  users,  then  inclusion  of  extra  bits  in  the  IFF  message 
can  still  be  avoided  by  an  alternate  authentication  technique.  This  would  be  to  mea¬ 
sure  the  time-of-arrival  (using  NAV  equipment)  of  the  IFF  reply  and  correlate  it  with 
the  known  (from  other  sensors)  position  of  the  queried  aircraft. 

Since  the  same  bit  and  digit  rates  are  to  be  used  for  IFF  as  for  COM,  and  also 
the  same  modulation/coding  is  used,  a  50  bit  IFF  message  requires  a  20  millisecond 
time  slot.  To  allow  for  reception  of  multiple  IFF  queries  and  also  allow  for  trans¬ 
mission  of  an  IFF  response  in  ary  given  frame,  3  of  these  20  millisecond  time  slots 
are  allocated. 

Actually,  the  IFF  function  slotting  as  just  described,  would  be  used  for  either 
random  type  IFF  or  random  access  signaling  purposes.  The  significance  of  designing 
for  multiple  time  slots,  and  even  of  designing  to  time  slot  die  entire  IFF  function  with 
respect  to  the  COM  and  NAV  functions,  is  that  equipment  such  as  receivers  and  trans¬ 
mitters  can  be  time-shared,  (In  contrast,  if  equipment  were  designed  for  FDMA 
stacking  of  the  COM,  signaling,  and  IFF  functions  or  multiple  IFF  channels,  a  prolif¬ 
eration  of  equipments  would  result. ) 

The  multiple  access  capacity  for  the  IFF  and  signaling  function  has  been 
evaluated  here  for  the  case  where  thermal  noise  is  neglected  and  for  the  worst  case 
where  all  other  interferers  have  a  stronger  signal  because  of  the  "near-far"  power 
differential  in  this  worst  case  deployment.  The  results  obtained  for  non-coordinated 
access  in  one  sub-time  slot  must  be  multiplied  by  three,  since  there  are  three  such 
sub-time  slots  in  th6  total  IFF/signaling  time  slot.  This  then  gives  the  total  number 
of  simultaneous  accesses  (where  simultaneous  is  defined  to  be  over  the  selected  frame 
interval  of  interest;  e.g. ,  1  second  here).  The  result  of  worst  case  analysis  is  150 
for  the  case  of  no  jamming  and  where  the  implementation  of  power  control  is  not 
factored  in. 

The  AJ  capability  of  the  IFF  function  involves  the  same  processing  gain  of 
100  MHz  total  bandwidth  hopped  over  to  2400  Hz  baseband,  or  46  db.  However,  since 
the  IFF  transmission  need  only  be  20  milliseconds  long  each  1  second,  as  described 
previously,  one  can  enhance  total  IFF  AJ  by  17  db  if  a  peak -average  power  trade  can 
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be  obtained  corresponding  to  the  low  IFF  duty  cycle  transmission.  The  time  slot 
assigned  for  IFF  would  be  permuted  on  a  1  second  frame-to-frame  basis  to  prevent  an 
intelligent  jammer  from  learning  the  slot.  The  total  effective  IFF  processing  gain  then 
is  63  db.  The  same  DPSK  modulation/double  coding  combination  would  also  be  used  as 
for  COM.  The  fact  that  increased  AJ  processing  gain  is  obtained  for  the  IFF  function 
is  significant,  since  a  non-coordinated  waveform  multiple  access  design  is  used,  and 
in  the  COM  function  a  coordinated  waveform  multiple  access  design  is  used,  the  actual 
3/8  allowed  is  aif^ted  by  the  random  access  mutual  interference  present.  The  AJ- 
multiple  access  performance  for  the  IFF  function  is  indicated  in  Figure  4-3. 

Superimposed  on  the  figure  is  the  AJ  performance  in  the  COM  function  for  which 
the  same  AJ  is  realized  up  to  full  multiple  access  capacity.  For  IFF,  it  is  seen  that 
the  AJ  performance  crosses  the  COM  one  for  an  IFF  access  capacity  of  147  (this  result 
was  simply  and  approximately  computed  by  adding  the  random  access  error  rate  to  the 
jam  error  rate,  when  each  is  computed  separately  and  independently,  to  get  the  total 
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Figure  4-3,  AJ  Versus  Multiple  Access  Performance  for  IFF  Function. 
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channel  error  rate  after  DPSK  demodulation).  Therefore,  at  full  desired  IFF  capacity 
(100),  greater  jam  margin  is  obtained  than  for  the  COM  function.  If  the  peak-to- 
average  power  trade  were  not  realized  then  at  full  IFF  capacity  the  jam  performance 
would  be  isss  tliian  for  the  COM  function. 

4. 1. 1, 3  Navigation 

For  the  NAV  function  range  and  range  rate  measurements  are  made  with  clock 
phase  and  carrier  track  loops  on  the  frequency -hopped  signal.  A  coarse  range 
measurement  results  from  measuring  the  clock  phase  of  the  channel  PN  signal  (for 
measurement  to  1/100  of  the  clock  phase  an  accuracy  of  50  feet  is  obtained  In  the  pre¬ 
sence  of  additive  Gaussian  noise).  A  more  precise  range  measurement  is  obtained  by 
measuring  the  phase  of  a  frequency  hopped  side  tone  modulation  on  the  microwave 
carrier  (for  a  5  MHz  tone,  an  accuracy  of  a  few  feet  is  obtained).  Coherent  frequency 
hop  demodulation  is  required  and  instrumented  in  the  latter  case,  as  shown  in  Figure 
4-4,  Because  of  diversity  actiou  multipath  is  also  discriminated  against  by  coherent 
frequency  hopping  so  that  range  accuracy  in  the  order  of  a  few  feet  is  also  obtained 
even  in  the  presence  of  multipath.  Now  for  the  coarse  measurement  using  the  PN 
signal  and  with  just  Gaussian  noise,  the  accuracy  of  50  feet  can  be  achieved  without 
coherent  frequency  hopping.  However,  in  the  presence  of  multipath,  an  error  of  up  to 
1  mile  (full  clock  phase)  could  result  in  this  case.  By  making  the  frequency  hopping 
and  dehopping  coherent,  in  the  coarse  PN  measurement  as  well  as  the  precise  mode, 
diversity  action  can  be  obtained  against  multipath  when  it  overlaps  the  PN  correlation 
interval.  A  coarse  range  accuracy  approaching  50  feet  can,  thus,  still  be  obtained 
whether  multipath  is  present  or  not. 

Though  sidetone  ranging  is  indicated  above  as  the  means  of  obtaining  precise 
range  (reason  is  maximum  commonality  of  the  channelized  waveform  concept  for  NAV 
as  for  COM),  an  alternative  would  be  to  use  an  FH/PN  waveform  with  a  wider  PN 
channel  bandwidth  (e,  g. ,  1  to  10  MHz)  for  the  NAV  slot  alone.  The  COM  function 
would,  of  course,  still  use  FH/PN  with  a  200  KHz  PN  channel  bandwidth.  Precise 
NAV  range  measurement  would  then  be  obtained  by  a  "one-shot"  jlock  phase  measure¬ 
ment  on  the  wideband  PN  signal.  Tradeoffs  of  these  two  alternatives  involve  consider¬ 
ation  of  relative  ease  of  implementation  (such  as  for  the  wideband  PN  approach  which 
does  not  require  coherent  frequency  hopping). 
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Figure  4-4,  Coherent  Frequency  Hop  Demodulator  Block  Diagram. 


Since  the  COM(  NAV,  and  IFF  functions  are  time  division  multiplexed  in  the 
concept  described  here,  the  NAV  range  and  range  rate  equipment  can  be  used  for  addi¬ 
tional  purposes  during  the  IFF  function  time  slot.  Specifically  whenever  an  IFF  query 
is  sent  out,  or  when  a  random  access  signal  is  sent  out  so  as  to  initiate  getting  into  the 
orthogonal  COM  net,  the  NAV  equipment  can  be  used  to  get  a  measurement  of  the 
round  trip  propagation  delay  between  transmission  of  the  query  or  signal  and  receipt  of 
a  response.  The  fact  that  digital  matched  filters  are  used  for  sync  acquisition  and 
thus  real-time  acquisition  is  allowed,  makes  this  transponder  ranging  concept  feasible 
(the  only  processing  delay  in  the  transponder  is  now  just  the  message  demodulation  time 
which  is  known  apriori  and  therefore  is  compensated  out).  The  purpose  of  these  trans¬ 
ponder  range  measurements  is:  (1)  to  give  a  backup  range  measurement,  and  in  any 
case  a  direct  range  measurement  to  terminals  of  interest  for  reasons,  say,  of  collision 
avoidance  or  just  navigation;  (2)  to  provide  authentication  of  IFF  and  signalling  replies 
for  terminals  without  a  key  generator  -  one  correlates  the  measured  range  with  that 
indicated  by  ether  sensors. 
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4. 1. 1.4  Synchronization 

Digital  matched  filter  sync  of  the  PN  waveform  in  a  frequency  channel  is  the 
preferred  method  in  the  FH/PN  system  concept  here.  (See  Section  7. 5. 2  of  Volume  n 
for  further  detailed  performance  analysis. )  The  NAV  channel  output  could  also  be 
superimposed  to  control  tap  change,  such  as  for  the  random  IFF  function.  The  storage 
requirements  for  the  DMF  are  84  bits,  corresponding  to  a  DMF  processing  gain  of  19  db 
(this  requirement  results  from  the  fact  that  to  get  a  total  processing  gain  of  46  db,  with 
27  db  due  from  hopping  over  500  frequency  channels,  gives,  therefore,  19  db  needed 
for  the  DMF  -  this  corresponds  to  a  200  Kz  PN  channel  waveform  and  a  2400  Hz  output). 
The  DMF  receiver  will  actually  comprise  a  pair  of  tapped  delay  lines  each  of  84  bits 
that  are  fed  by  the  two  components  of  the  received  PN  signal,  plus  a  pair  of  tapped 
delay  lines  each  of  84  bits  for  the  reference  sequences.  The  84-bit  received  and  the 
84-bit  reference  sequences  are  combined  and  examined  for  threshold  exceedance.  The 
practical  implementation  of  a  DMF  will  entail  some  processing  gain  loss  that  would 
have  to  be  made  up  by  increased  ideal  DMF  processing  gain,  and  therefore,  greater 
bit  storage.  For  example,  if  a  conventional  digital,  baseband  implementation  of  the 
tapped  delay  lines  were  used,  the  preceding  amplitude  and  time  quantization  required 
on  the  received  signal  could  entail  a  loss  in  the  order  of  6  to  7  db  depending  on  the 
nature  of  the  interference.  A  digital  delay  line  storage  of  420  (=5  x  84)  bits  would  be 
needed  to  provide  compensating  processing  gain. 

Alternately,,  more  sophisticated  design  techniques,  such  as  multiple  level 
quantization  and  bit  encoding,  can  reduce  the  quantization  loss  and  therefore  the 
amount  of  compensating  increase  in  DMF  storage  capacity  required,  but  at  the  expense 
of  more  digital  delay  lines  and  summing  logic.  For  the  ideal  84-bit  delay  line  config¬ 
uration,  it  takes  one  output  interval  of  416  microseconds  (for  a  2400  bps  output  stream) 
for  a  threshold  exceedance  to  occur  out  of  the  DMF  acquisition  circuit.  Since  a  con¬ 
firmation  test  must  follow  the  primary  one  in  which  there  is  a  threshold  exceedance, 
total  acquisition  in  this  ideal  case  actually  takes  two  output  intervals,  or  833  micro¬ 
seconds.  For  the  other  situation  where  longer  DMF  delay  lines  are  used  to  overcome 
implementation  Iobsgs,  then  acquisition  would  correspondingly  be  accomplished  in  up 
to  5  times  this  or  10  output  2400  bps  intervals.  All  this  presupposes  frequency  hop¬ 
ping  does  not  occur  in  a  DMF  processing  interval,  for  all  the  chips  would  net  otherwise 
be  correlated  coherently.  This  would  constrain  the  hop  rate  to  (2400/5  =  480  hps)  for 
the  lossly  implementation  case,  whereas  for  the  ideal  lossless  implementation  case, 
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the  hop  rate  oould  be  2400  hps.  The  higher  rate  is  of  course  de3ired  for  the  random 
access  IFF  and  signaling  modes  in  particular.  The  above  results  also  presume  that  no 
search  is  required  over  frequency  uncertainty  intervals,  but  just  over  time  uncertainties. 

The  coordinated  FH/PN  waveform  design,  requires  in  addition  to  the  link  wave¬ 
form  synchronization  time,  time  to  get  organized  or  coordinated  among  the  different 
accesses.  This  is  of  course  a  penalty  one  pays  for  the  advantages  obtained  with  such 
waveforms  over  the  non-coordinated.  The  FH  system  could  take  30  to  50  milliseconds 
to  organize  (the  time  computation  is  based  on  signaling  in  the  first  of  the  3  sub-time 
slots  for  the  IFF  and  signaling  function  and  getting  a  response  immediately  in  the  one 
or  two  succeeding  sub-time  slots).  However,  if  a  multiple  signaling  try  is  made,  then 
waveform  coordination  will  not  occur  for  one  second,  which  is  the  IFF  signaling  frame 
time  (it  was  picked  arbitrarily,  .but  also  to  be  consistent  with  tiie  NAV  function,  for 
which  a  one  per  second  fix  rate  is  desired).  This  is  still  a  reasonable  response  time. 
Furthermore,  once  organized,  the  FH  system  requires  information  storage  only  over 
the  SG'-millisecond  IFF  function  slot,  meaning  therefore,  only  120  bil  -t  at  2400  bps, 

4. 1. 1. 5  Multiplexing  of  COM,  NAV,  and  Random  IFF/Signaling  Functions 

Time  division- multiplexing  of  the  COM,  NAV  and  IFF  functions  is  used  in  the 
coordinated  FH/PN  waveform  concept  illustrated  here.  However,  the  NAVSAT  function 
can  be  frequency  division  multiplexed  with  the  resf  of  CNI  if  the  satellite  antenna  capa¬ 
bility  (discussed  subsequently)  cannot  be  implemented.  Reference  Figure  4-5  for  a 
diagram  of  the  TDMA  operations.  The  NAV  and  IFF  time  slots  and  sub-time  slots  are 
as  discussed  previously.  Typically,  the  smallest  time  slot  would  be  10  milliseconds. 

In  the  direct  mode,  where  propagation  delay  differences  of  up  to  1. 8  milliseconds  for 
300  miles  could  result,  the  time  slot  width  is  seen  to  be  adequate  in  that  the  required 
guard  time  to  counter  mutual  interference  is  a  small  fraction  of  it.  For  the  direct 
mode,  this  concept  of  TDMA.  functions  Is,  therefore,  seen  to  be  reasonable  (the  power 
budget  for  the  direct  mode,  though  not  discussed  here,  is  also  adequate),  particularly 
if  passive  hyperbolic  ranging  is  used  for  NAV  in  the  terminal  area  and  for  ILS.  For  a 
beam-rider  ILS  scheme,  the  time  slot  concept  would  either  require  that  the  ILS  beam 
be  scanned  rapidly  in  a  short  slot  time  or  else  that  ILS  be  done  on  separate  frequencies 
in  parallel  with  the  COM  and  IFF  functions.  The  latter,  of  course,  would  represent;  an 
exception  to  the  basic  IDMA  function  concept  and  would  reduce  the  advantages  intended 
to  be  realized  by  it.  New  for  the  satellite  mode,  in  which  passive  hyperbolic  ranging 
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Figure  4-5.  Timing  Sequence  of  CNI  Operations. 


would  be  done  for  NAV,  TDMA  functions  would,  of  course,  also  be  used  but  special 
constraints  must  be  imposed  on  the  satellite  to  make  it  work.  This  io  because  of  the 
power  budget  problem,  because  of  the  inter-satellite  range  differences,  and  because 
omni  antennas  on  the  aircraft  make  all  satellites  visible  simultaneously.  As  a  specific 
concept,  steerable  narrow  beams  are  presumed  on  the  satellite  (e.  g. ,  2°).  Each 
NAVSAT  in  a  621B  geometrical  configuration  will  sweep  (programmed  manner)  its 
coverage  area  with  a  2  degree  beam,  covering  the  entire  area  once  in  each  one  second 
frame  Interval,  and  dwelling  on  each  region  that  is  subtended  by  the  2  degree  beam  for 
10  milliseconds.  The  NAV  beam  sweep  for  each  of  the  4  NAVSAT's  is  coordinated  so 
that  no  two  NAVSAT's  illuminate  the  same  region  at  the  same  time.  Nov/  o:her  satellite 
beams,  of  about  2  degrees  in  width,  will  also  be  used  simultaneously  (i,  e. ,  in  parallel) 
by  one  or  more  of  the  satellites  for  the  COM  function.  That  is,  the  power  budget  pro¬ 
blem  at  microwave  frequencies  for  an  omni-antenna  aircraft  terminal  requires  that 
something  like  a  narrow  beam  satellite  antenna  be  used  for  the  COM  function.  Since 
the  concept  here  is  to  TDMA  the  COM,  NAV,  and  IFF  functions,  the  satellites  must 
be  synchronized  so  that  when  a  NAVSAT  2  degree  beam  is  illuminating  a  given  region 
on  earth,  a  COMSAT  2  degree  beam  that  may  be  illuminating  that  same  region  is  tem¬ 
porarily  switched  oil  for  the  duration  of  the  10  millisecond  NAVSAT  sweep  interval. 
Because  of  the  inter-satellite  range  differences  to  a  given  region  on  earth,  appropriate 
compensation  in  satellite  antenna  switching  time  Is  also  provided  in  the  satellite  synch¬ 
ronization  scheme.  As  such,  there  will  be  no  overlap  between  the  NAV  and  COM 
functions.  Similar  satellite  antenua  beam  control  would  be  provided  so  as  to  achieve 
a  separate  IFF/ai'pitlling  set  of  time  slots.  The  net  result  is  that  the  same  timing 
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sequence  of  CNI  operations  as  indie  ited  in  Figure  4-5  for  the  direct  mode,  will  also 
work  for  the  satellite  nr  do.  The  nttrrow  satellite  antenna  beams,  besides  allowing 
this  time  slotting,  also  provide  the  necessary  power  budget  for  satellite  links  that  are 
power-starved  because  omni-antennas  are  used  on-board  the  user  aircraft.  On  the 
other  hand,  if  the  NAVSAT  antenna  design  difficulties  are  limiting,  the  NAV  function 
can  be  multiplexed  on  an  FDMA  rather  than  the  TDMA  basis  in  Figure  4-5. 

Now  the  reasons  for  designing  a  TDMA  sequence  of  operations  for  the  coordi¬ 
nated  FH/PN  waveform  concept  here  are  as  follows:  (a)  mutual  interference  between 
the  500  COM  accesses  and  the  NAV  signals  is  eliminated  -  this  is  of  particular  signi¬ 
ficance  to  precise  NAV  ranging  since  the  coding  options  available  to  protect  against 
this  interference  are  more  limited  for  NAV  than  for  COM  -  in  any  case  increased 
efficiency  is  inherent  in  the  use  of  coordinated  waveforms;  (b)  time-sharing  of  equip¬ 
ments  is  inherently  allowed  -  considering  that  one  must  have  up  to  4  NAV  station  fixes 
plus  3  IFF  queries  plus  COM,  therefore  a  reduction  from  8  RF  receivers  would  be 
required  if  processing  were  all  done  in  parallel,  to  just  one  time-shared  receiver  -also 
other  possible  equipment  savings  result,  for  example,  by  sharing  the  key  generator 
device  for  COM  with  that  used  to  provide  IFF  authentication;  (c)  no  sampling  loss  in 
S/N  occurs  in  the  process  of  time-sharing  of  equipments,  such  as  would  occur  if  time¬ 
sharing  were  applied  to  non-coordinated  waveforms  -  the  sampling  Iobs  corresponds  to 
the  duty  cycle  of  receiver  look  at  a  given  function  -  if,  for  example,  all  the  4  NAV 
signal  sources,  the  3  potential  IFF  queries,  and  COM  transmissions  were  equally  and 
sequentially  sampled,  then  a  9  db  sampling  loss  would  occur  to  the  COM  channel;  (d) 
the  detection  ef  the  NAV  and  IFF  signals  in  short  bursts  means  that  though  these  signal 
are  of  low  information  content  the  receiver  bandwidths  would  be  similarly  wide  as  for 
the  COM  signal;  i.e. ,  2400  Hz  -  the  corresponding  track  loops  should  therefore  hold 
lock  for  aircraft  accelerations  greater  than  10  g's  -  no  external  aids,  such  as  inertial 
platforms,  are  required  so  that  the  number  of  aircraft  total  black  boxes  devoted  to  the 
CNI  function  is  minimized. 

4. 1. 2  ORTHOGONAL  TIME  HOPPED  TE/PN  WAVEFORM  SYSTEM  APPROACH 

An  alternate  coordinated  waveform  approach  comprises  synchronized  time 
hopping  with  the  accesses,  as  well  as  the  functions  (COM,  NAV,  IFF)  time  division 
multiplexed.  The  rationale  behind  consideration  of  such  an  approach  is  that  besides 
having  the  multiple  access  and  antijam  efficiency  of  orthogonal  waveforms,  it  also 


does  not  have  the  power  control  problem  among  individual  users  nor  does  it  have  the 
problem  of  interaction  among  users  in  a  nonlinear  channel,  since  by  definition  only  one 
user  transmits  at  a  time.  The  significance  of  the  latter  is  seen  in  the  satellite  mode 
where  for  the  FH/PN  approach,  suppression  of  one  signal  by  another  would  occur  in  a 
hard  limiter,  unless  effective  power  control  were  made,  and  also  intermodulation  inter¬ 
ference  results  regardless  of  power  control.  The  significance  in  the  direct  mode  is 
seen  for  FH/PN  where  the  hopping  rate  was  constrained  to  150  hops  per  second  so  that 
overlap  in  frequency  (because  of  variable  propagation  delay)  of  simultaneous  strong  and 
weak  signals  will  not  occur. 

Figure  4-6  indicates  the  signal  structure  of  an  orthogonal  time  hopping  approach 
(TH/PN).  Each  access  transmits  in  a  separate  time  slot  whose  size  is  determined  by 
the  fact  that  in  it  must  be  included  a  guard  time  corresponding  to  the  maximum  relative 
propagation  delay  among  user  terminals.  Designing  for  a  25  percent  stacking  efficiency 
(same  as  in  FH/PN)  gives  a  6  millisecond  slot  in  which  a  burst  transmission  of  4. 5 
milliseconds  occurs.  Considering  500  accesses  to  be  in  one  TDMA  format  gives  a 
duty  cycle  of  0. 15  percent  and  a  frame  cime  of  .3  seconds.  The  frame  time  can  be 
reduced  below  the  latter  value  if  it  is  deemed  to  be  intolerably  long  by  designing  for  a 
smaller  group  of  TDMA  accesses,  each  on  a  different  carrier,  with  the  same  total 
multiple  access.  For  the  long  frame,  a  buffer  storage  for  7200  bits  is  required 
(obviously  a  problem  but  one  that  is  less  significant  as  more  compact  LSI  storages 
become  available).  The  same  combination  of  DPSK  with  double  coding  (2  out  of  3 
repetitions,  and  23, 12  Golay)  is  used  for  each  bit,  so  that  the  number  of  digits  required 
is  expanded  by  6  (for  better  performance  then  this  one  would  use  DPSK  with  just  rate- 
1/2  sequential  decoding.  As  indicated  in  Figure  4-6,  the  digit  width  needed  is  0, 104 
microsecond  (needing  a  10  MHz,  bandwidth).  To  achieve  a  100  MHz  bandwidth  so  as  to 
have  46  db  processing  gain,  each  digit  is  represented  by  10  chips  from  a  long  PN  code 
(quadriphase  PIN  modulation  is  actually  used).  The  total  processing  gain  is  realized 
by  the  combination  of  10  db  due  to  PN  processing,  28, 8  db  due  to  the  peak-to-average 
power  trade  possible  at  a  duty  cycle  of  0. 15  percent,  and  7. 5  db  due  to  the  redundancy 
of  coding.  The  position  of  each  user  terminal’s  time  slot  position  in  a  frame  is  pseudo- 
randomly  permuted  from  frame  to  frame  to  prevent  spoofing  and  to  force  a  jammer  to 
use  continuous  jamming. 

The  IFF  and  NAV  functions  ere  time  division  multiplexed  with  the  COM  signal 
just  described,  and  in  the  same  manner  illustrated  in  Figure  4-5  (30  millisecond  slots 
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Figure  4-6.  TH/PN  Signal  Structure  (Orthogonal  System). 

each,  every  second).  For  IFF,  asynchronous  time  division  multiplexing  is  used 
instead.  However,  the  same  DPSK  modulation  and  double  coding  combination  is  used 
jud  the  same  digit  width  of  about  0,  i  microsecond.  The  digit  positions  are  permuted 
pseudorandomly  on  a  frame  to  frame  basis.  The  permutation  pattern  is  also  controlled 
by  the  NAV  channel  position  fix  output,  so  that  a  position  address  is  available  for  each 
aircraft.  One  hundred  simultaneous  50-bit  IFF  accesses  are  allowed.  The  reply  and 
response  to  three  simultaneous  queries  is  handled  sequentially  in  the  30  millisecond 
IFF  function  interval,  as  described  for  FH/PN, 
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For  NAV,  the  time  of  arrival  of  the  0. 1  microsecond  pulses  that  are  PN 
modulated  to  100  MHz  bandwidth  is  what  is  measured  for  range  measurement.  Resol¬ 
ution  to  a  few  nanoseconds  is  achievable.  Range  is  measured  to  each  of  the  reference 
stations,  as  described  previously. 

Multipath  that  arrives  in  a  frame  interval  of  0.416  millisecond  (about  80  miles) 
for  NAV  but  after  the  transmitted  pulse  of  0. 1  microsecond  (100  feet)  is  time  gated  out 
in  the  receiver  (only  the  first  received  pulse  is  accepted  for  range  measurement). 
Multipath  that  overlaps  the  direct  path  pulse  is  discriminated  against  by  the  PN  cor¬ 
relation  processing.  Similarly  for  the  COM  function,  where  a  burst  of  successive 
pulses  is  transmitted,  10  db  discrimination  by  PN  processing  will  reduce  the  multipath 
intersymbol  interference  so  that  the  channel  modulation  and  coding  can  handle  it 
(slightly  greater  than  3  db  E/Nq  into  the  DPSK  detector  gives  10  bit  error  rate  out 
after  decoding).  What  this  all  means  is  that  multipath  interference  can  be  effectively 
handled  in  this  TH  system. 

Synchronization  of  this  TH  waveform  in  20  milliseconds  obviously  is  more 
difficult  (in  terms  of  complexity)  than  the  FH/PN  and  FH  approaches  discussed  in  this 
section.  However,  it  is  conceptually  feasible.  A  straightforward  approach  is  to  use  a 
single  digital  matched  filter,  or  an  equivalent  optical  correlator,  scheme.  The  large 
storage  capacity  required  by  these  implementations  implies  that  their  realization 
depends  on  advances  in  the  state  of  the  art. 

The  TH  scheme  is  not  vulnerable  to  look-through  jamming  as  are  the  relatively 
slow  FH  approaches.  It  has  the  same  processing  gain.  Using  the  same  coding,  it  has 
the  same  AJ  performance  for  noise  jamming  as  does  the  FH/PN  approach  described. 

In  fact,  the  curves  of  Figure  4-3  on  AJ  versus  number  of  multiple  accesses  also  apply 
for  TH  In  the  direct  mode  for  both  the  orthogonal  and  nonorthogonal  waveform  cases. 
Combination  with  sequential  decoding  would  give  a  J/S  ratio  of  38  db  (optimizing  the 
modulation  Improves  it  to  41  db).  However,  for  worst  case  jam  strategy,  the  TH  per¬ 
formance  is  expected  to  be  better  than  for  the  PH/TH  approach.  In  the  satellite  mode, 
since  there  are  no  power  control  problems,  the  multiple  access  performance  is  not 
expected  to  be  degraded  as  would  be  the  case  for  FH/PN,  The  jam  performance  in  the 
satellite  male  is  still  degraded  by  6  db  because  of  limiter  suppression  by  a  strong, 
constant  envelope  jammer. 
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Aspects  of  satellita  interface  are  similar  to  those  already  discussed  for  FH/PN 
except  in  the  area  of  satellite  processing.  In  this  regard,  it  is  noted  that  the  TH 
approach  does  not  require  special  processing  to  optimize  performance  (except  for 
inclusion  of  means  to  reduce  the  jamming  limiter  suppression  loss)..  As  such,  the  TH 
waveform  is  essentially  optimum  with  the  hard  limited,  straight  through  repeater 
satellites.  Not  including  special  satellite  processing  simplifies  the  cost  consideration 
of  future  satellites.  Also,  for  futuristic  satellites  employing  a  large  number  of  extre¬ 
mely  narrow,  steerable,  antenna  beams  (so  as  to  enhance  up-link  A  J  for  small  terminal 
users),  the  use  of  synchronous  TH  is  compatible  with  time  shared  switching  and  use  of 
the  antenna  beams. 

A  civilian  version  of  the  TDMA  approach  would  be  allocated  a  fixed  time  slot 
for  COM,  There  would  be  no  time  slot  permutation  or  PN  spreading.  Just  0. 1  micro¬ 
second  digits  are  used.  If  would  take  longer  to  sync  than  20  milliseconds  and  use  less 
costly  techniques.  For  IFF,  control  of  the  pulse  position,  or  pulse  coding,  In  accord¬ 
ance  with  the  NAV  fix  would  be  required.  The  number  of  allowed  accesses  would  be 
limited.  The  deletion  of  functions  and  operations  of  the  civilian  version  is  otherwise 
as  described  for  the  PN  approach.  However,  it  is  noted  that  with  regard  to  coexistence 
with  existing  civilian  equipment,  there  is  a  spectrum  allocation  problem.  The  TH 
approach  requires  one  contiguous  bandwidth, 

4. 1.3  UNCOORDINATED  TH/FH 

Consideration  of  a  uncoordinated  waveform  concept  is  made  to  determine  the 
possibilities  of  a  system  that  does  not  have  most  of  the  coordination  complexities  that 
a  coordinated  waveform  has  (in  particular,  the  need  for  coordination  signaling  and 
control  is  eliminated,  although  stable  clock  timing  is  retained;  also,  limitations  on 
parameters  such  as  hop  rate  are  relaxed).  Because  the  need  for  coordination  is 
eliminated  one  would  also  expect  sync  time  to  be  minimized.  However,  no  significant 
improvement  should  be  expected  in  other  performance  areas.  On  the  contrary,  one 
would  expect  system  bandwidth  and  power  efficiency  to  be  less  for  a  uncoordinated 
waveform  design. 

The  illustrated  uncoordinated  waveform  considered  here  is  a  time-hopped  one. 
Before  describing  it,  the  point  should  be  noted  that  another  uncooniinated,  time-hopped 
waveform  was  also  considered  but  discarded;  namely,  the  concept  originally  advanced 
in  1967  by  the  CNI  study  group  assembled  at  RADC,  It  uses  a  time-gated  PN  waveform 


that  is  time  shifted  in  a  2-millisecond  frame  to  give  an  M'ary  data  modulation  with 
M  =  32,  The  waveform  has  a  100  MHz  PN  code  rate  and  the  receiver  employs  a  digital 
matched  filter  with  threshold  detection  to  indicate  the  time  of  occurrence.  This  wave¬ 
form  was  discarded  for  the  following  reasons: 

1.  Multipath: 

The  time-gated  PN  concept  uses  10  nanosecond  chips  that  are 
pseudorandomly  gated  on  in  an  M’ary  time -shift-keyed  slot  of  2  milli¬ 
seconds  interval  (1000  chips  on  an  average  are  on  cut  of  6250).  Since 
the  waveforms  have  uncoordinated  access,  the  system  is  vulnerable  to 
multipath  ringing  for  most  multipath  situations  with  an  omnidirectional 
user  antenna.  (This  is  t?ie  backscatter  multipath  that  has  a  level  within 
the  dynamic  range  limits.)  That  is  to  say,  the  multipath  reflections  for 
strong  interferers  will  fill  in  the  gated -off  positions.  Time-gating 
within  a  burst  is  ineffective,  therefore.  One  has  left  then  only  the  32  to 
1  time-gating  due  to  M’ary  time  shift  keying.  The  system  multiple 
access  capacity,  thus,  is  reduced  by  the  amount  of  the  change  in  actual 
interfering  duty  factor,  i.  e. ,  over  6  to  1. 

2.  Equipment  Timesharing: 

Since  the  time-gated  PN  receiver  must  sequentially  check  each 
TSK  position  for  detection  of  one  COM  or  data  signal  then  on  the  average 
it  will  be  tied  up  for  50%  of  the  time  for  this  purpose  and  would  be 
unavailable  for  sharing  to  detect  another  simultaneous  signal. 

3.  Power  Loss  on  Satellite  Downlink:  - 

Since  the  time-gated  PN  waveform  is  non-ccordinated,  then  an 

average  power  loss  in  use  of  a  satellite  repeater  is  incurred  (compared 

to  a  uncoordinated  wavefox  m)  because  of  statistical  overlap  of  signals. 

* 

Without  even  considering  multipath  ’’fill-in",  previous  analysis  has 
shown  this  to  be  about  7  db.  If  one  considers,  furthermore,  that  the 
M’ary  PN  scheme  uses  a  digital  marched  filter  for  data  detection,  then 
the  inherent  implementation  losses  of  it  must  be  added  to  the  total 
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Aein  and  Schwartz,  eds, ,  "Multiple  Access  to  a  Communication  Satellite  with  a 
Hard-Limiting  Repeater,"  IOA  Report  R-108,  Vol.  n,  ApriU965. 
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satellite  downlink  power  budget.  This  implementation  d.  m.  f,  loss  will 
be  3  to  7  db  or  even  greater,  depending  on  the  specific  implementation. 

The  total  link  loss  then  is  10  to  14  db  for  the  time-gated  PN  scheme  as 
compared  to  a  coordinated  waveform  design.  Since  the  satellite  is 
expected  to  be  power-starved,  these  degradation  factors  are  significant. 

4.  Digital  Matched  Filter  Sync: 

The  time-gated  PN  scheme  requires  6250  bits  of  storage  and  a 
100  MHz  clock  rate.  This  should  make  the  design  of  the  time-gated  PN 
scheme  complicated  and  costly,  particularly  considering  implementa¬ 
tions  to  reduce  the  loss  of  processing  gain  due  to  quantization, 

5.  Analog  Versus  Digital: 

The  time-gated  PN  scheme  depends  oh  analog  processing  to  a 
great  extent  (PN  correlation)  for  system  error  control,  in  contrast  to 
using  error  correction  coding  in  a  more  digital  design.  Overall,  the 
latter  implementation  should  be  more  desirable. 

Let  us  now  return  to  the  time-hopped  waveform  that  is  briefly  considered  here. 

It  has  a  time  duty  factor  of  1/200,  which  also  means  it  has  good  dynamic  range.  Fur¬ 
thermore,  this  value  i  s  presumed  to  be  within  practical  feasibility  in  peak-to-average 
power  trade.  Also  in  the  remote  (satellite)  mode  it.  corresponds  to  the  situation  whore 
there  is  plausible  power  available  per  COM  signal  access  for  peak-power  limited 
transmitters.  The  waveform  is  also  frequency  hopped  over  100  frequency  channels, 
each  of  1  MHz  bandwidth,  to  cover  a  total  of  100  MHz  (the  frequency  channeling  allows 
additional  orthogonal  slots  over  that  possible  with  just  time  hopping,  facilitates  sync, 
and  has  moderate  dynamic  range  capabilities  against  spectrum  splatter).  This  gives 
then  a  total  of  20, 000  orthogonal  slots  to  handle  the  multiple  access  signals.  DPSK 

modulation  together  with  sequential  decoding  to  process  the  desired  signal  in  the  pre- 
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sence  o*  multiple  access  interference  is  used  to  get  a  10  bit  error  rate  and  reasonable 
AJ.  An  ideal  maximum  of  20CD  strong  signal  accesses  are  possible  with  this  system  as 
seen  from  Figure  4-7,  if  multipath  can  be  Ignored. 

This  leaves,  however,  the  effects  of  multipath  to  be  considered  as  causing  a 
significant  interference  situation.  As  also  seen  from  Figure  4-7,  if  the  multipath  is 
of  sufficiently  long  delay  and  of  appropriate  strength  so  that  it  contributes  to  multiple 
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Figure  4-7.  TH/FH  Uncoordinated  System  -  AJ -Multiple  Access 
Performance  for  COM  for  all  Strong  Signals. 

access  pulse  density  (this  would  be  for  backscatter  multipath),  the  system  capacity 
can  be  significantly  degraded,  depending  on  the  number  of  reflections.  Because  of 
this,  the  emissions  for  the  uncoordinated  waveform  are  in  bursts  of  pulses  with  fre¬ 
quency  hopping  on  a  hurst-to-burst  basis  rather  than  pulse-pulse  (for  the  above  fre- 

o 

quency-time  slotting  the  pulses  are  1  microseconds  wide  each  and  of  cos  x  shape  in 
the  time  domain).  The  burst  length  is  30  to  50  microseconds  so  as  to  span  the  ringing 
time  of  most  reflections  in  the  system  (actually  in  the  worst  case,  the  ringing  for  a 
high  altitude  aircraft  would  be  250  microseconds;  however,  to  avoid  buffering  pro¬ 
blems  for  the  worst  but  rare  case,  a  smaller  burst  length  is  indicated  and  error 
correction  coding  counted  on  to  correct  out  the  few  long  resolvable  reflections  occur¬ 
ring  as  multiple  access  Interference).  But  now,  the  multipath  problem  becomes  that 
of  intersymbol  interference  among  pulses  in  a  burst.  Figure  4-2,  previously,  indicates 
that  with  no  frequency  hopping  in  the  pulse  burst,  a  pi.lse  slgnal-to-multipath  inter¬ 
ference  of  3  db  or  greater  should  exist  for  error  correction  coding  to  be  effective. 

This  waveform  is,  thus,  seen  to  be  limited  to  multipath  situations  that  are  down  3  db 
or  greater.  The  multipath  impact  on  capacity  with  the  pulse-to-pulse  hop  design  as  in 
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Figure  4-7  is  now  transformed  to  an  impact  on  E/Nq  or  error  rate  for  the  burst-to-burst 
hop  design  such  as  shown  by  Figure  4-2,  The  capacity  for  the  latter  system  would  still 
be  high,  i.e.,  up  to  2000  signal  accesses. 

As  an  alternative  to  this  system  design  one  could  use  10  db  of  PN  modulation  of 
each  pulse,  which  would  new  be  10  microseconds  long.  The  burst  length  would  also  be 
10  times  longer  to  accommodate  the  same  information  content  so  that  the  time  duty 
factor  is  decreased  to  1/20,  For  strong  multiple  access  interferers,  the  10  db  PN  pro¬ 
cessing  is  ineffective,  so  that  system  multiple  access  capacity  is  reduced  from  2000  to 
200  or  less  (if  one  had  kept  the  1  microsecond  pulse  width  and  added  10  db  of  PN  spread¬ 
ing,  then  the  number  of  frequency  channels  is  reduced;  the  impact  on  multiple  access  is 
still  about  a  10  to  1  reduction  since  the  number  of  total  orthogonal  slots  is  reduced  by 
10),  One  sees  then  that  with  the  problem  of  intersymbol  interference  due  to  multipath 
solved  by  this  waveform  processing,  multiple  access  capacity  is  degraded. 

As  a  further  alternative  to  the  above  solution,  the  use  of  other  modulation 
combinations  than  DPSK  with  sequential  decoding  could  provide  an  increase  of  10  to  1 
in  ideal  multiple  access  capacity,  as  discussed  in  Section  7.3.4  of  Volume  II.  This 
alternative  system  would  then  meet  the  above  difficulties.  The  quantity  now  traded  off, 
however,  is  AJ. 

Since  many  of  the  problems  above  hinge  on  the  specific  characteristics  of  the 
multipath  and  the  statistical  distribution  of  different  operational  situations  involving  it, 
the  first  time-hopped,  frequency  hopped  waveform  discussed  above  (i,  e. ,  without  PN 
encoding)  is  retained  for  subsequent  discussion  here,  at  least  for  the  COM  function,  A 
combination  with  PN  modulation  will  be  used  only  for  the  random  IFF  and  NA  V  functions 
as  discussed  in  subsequent  paragraphs. 

Now  the  only  other  effect  of  multipath  not  discussed  yet  is  that  of  multipath 
fading  which  will  occur  for  sufficiently  short  multipath  delays  such  that  overlap  occurs 
of  the  multipath  pulse  with  the  transmitted  pulse.  Though  for  1  microsecond  pulses, 
this  means  a  1000  foot  differential  delay  (such  as  when  one  is  on  the  horizon  in  the 
air-satellite  mode)  so  that  it  has  small  likelihood  of  occurring,  no  real  problem  exists 
anyway.  This  is  seen  in  Figure  4-i  where  error  correction  coding  is  sufficiently 
effective  in  handling  multipath  fading  errors  that  only  about  a  1  db  Impact  on  E^/Nq 
required  for  a  10  bit  error  rate  occurs  even  for  multipath  of  equal  strength  (close  to 
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the  peak  of  the  curve).  Independent  fading  is  presumed  on  a  burst-to-burst  basis,  with 
appropriate  interleaving  used.. 

For  random  IFF,  a  similar  signal  structure  is  used,  and  the  accesses  are 
uncoordinated  and  sent  in  parellel,  However,  since  a  given  receiver  is  to  be  designed 
to  handle  3  low-bit  queries  a':  a  time  (e.  g. ,  3  IFF  queries  of  50  bits  each  in  a  1  second 
frame  time),  then  the  ideal  processing  gain  is  potentially  greater  than  for  the  COM 
signal.  Since  it  is  desired  to  use  a  digital  matched  filter  for  IFF  bit  detection  (to  give 
address  control  with  position)  as  well  as  sync,  then  the  increase  in  ideal  processing 
gain  can  be  used  to  offset  the  implementation  losses  of  the  digital  matched  filter  (in 
contrast  for  the  COM  function  the  digital  matched  filter  is  used  only  to  aid  sync).  For 
this  purpose,  12  db  of  PN  modulation  is  used  (ratio  is  2400/150).  The  transmitted 
burst  sequence  of  30  to  50  pulses,  1  microsecond  each,  now  are  PN  chips.  Tne  same 
time  duty  factor  of  1/200  and  number  100  of  1  MHz  frequency  channels  are  used  as  for 
COM.  No  change  in  tolerable,  strong  interferer,  multiple  access  capacity  results  then, 
but  the  12  db  of  PN  processing  is  available  for  AJ  to  offset  the  digital  matched  filter 
implement?  .Ion  losses.  Incidentally,  multipath  intersymbol  interference  is  also  dis¬ 
criminated  against;  but  if  the  level  of  multipath  is  sufficiently  down  that  the  COM 
function  is  feasible,  then  multipath  is  not  a  factor  for  IFF  either.  The  curves  of 
Figure  4-7,  though  depicting  COM  AJ -multiple  access  performance,  also  give  an 
approximate  indication  of  IFF  performance  if  one  scales  the  points  on  the  curve 
appropriately. 

For  the  NAV  function,  a  separate  time -coordinated  time  slot  is  used  for  trans¬ 
mitting  the  NAV  signal.  (If  satellite  implementation  difficulties  preclude  this,  then  one 
can  multiplex  on  a  uncoordinated  basis. )  All  COM  and  IFF  transmissions  are  switched 
off  for  this  slot  interval.  The  1  microsecond  pulses  in  the  transmitted  sequence  are 
processed  as  PN  to  get  range  measurement  to  10  feet  at  best,  but  practically,  perhaps 
only  to  60  feet.  For  more  precise  range  measurement,  use  of  a  10  MHz  PN  waveform 
would  be  a  straightforward  alternative  except  that  the  digital  matched  filter  is  now 
more  complex.  The  use  of  a  digital  matched  filter  is  deemed  desirable,  particularly 
for  NAV..  to  allow  rapid  reacquisition  at  each  fix  interval  that  is  a  l  second  frame 
interval  apart.  The  ILS  function  would  also  be  handled  similarly  except  that  multiple, 
spaced  clots  in  a  1  second  interval  would  be  used  to  get  a  more  rapid  fix  rate. 
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The  satellite  mode  fcr  this  concept  would  at  least  have  the  downlink  in  the  same 
frequency  band  as  the  direct  mode.  These  downlink  transmissions  will  be  non-coordina- 
ted  and  use  the  same  signal  structure  as  for  the  direct  mode.  As  indicated  in  Figure  4-7, 
adequate,  ideal,  multiple  access  capacity  exists  to  handle  these  accesses.  The  satellite 
uplink  on  the  other  hand,  would  be  in  a  separate  frequency  band. 

Refer  to  Table  4-1  for  a  summary  of  the  key  characteristics  of  frequency-time 
usage  for  the  uncoordinated  TH/FH  v/aveform  system.  The  numbers  indicated  are 
only  for  an  illustrative  system  design.  An  optimized  design  set  of  parameters  requires 
a  tradeoff  of  the  various  conflicting  design  criteria. 


Table  4-1,  ■  Summary  of  Frequency  and  %ime  Slot  Usage  for  the 
Uncoordinated  TH/FH  System. 

•  Pulses  1  microsecond  wide  and  in  a  burst  of  20  to  50  of  them  are  transmitted 
at  a  time  for  COM,  Time  duty  factor  is  1/200,  Buffering  of  the  pulses  is 
used. 

•  Frequency  hopping  over  100  frequency  channels  (in  100 MHz  bandwidth)  on  a 
burst  basis, 

•  DPSK  modulation/sequential  decoding  is  used  for  COM  for  a  redundancy  per 
bit  of  2  to  1.  A  burst  represents  then  10  to  25  bits. 

•  All  COM  signals  in  direct  mode  and  satellite  downlink  are  uncoordinated  and 
in  same  frequency  band.  For  example,  400  or  more  signals  for  former  and 
100  for  latter. 

•  Satellite  uplink  is  in  a  separate  band  with  a  translating  repeater;  this  elimin¬ 
ates  coordination  with  direct  mode. 

o  IFF  is  non-coordinated  with  COM  and  uses  same  frequency  band.  However, 
a  16  to  1  PN  encoding  of  each  digit  is  used  since  information  rate  need  be 
cnly  150  bits  in  1  second  (i.  e. ,  3  separate  50  bit  queries  each  second),  IFF 
signal  structure  is  same  as  for  COM,  However,  a  pulse  burst  of  30  to  50 
microseconds  represents  PN  chips  for  IFF  information  bits.  There  are  100 
total  IFF  signals  in  same  band  as  for  COM, 

•  NAV  (enroute,  terminal,  and  ILS)  is  done  in  separate  coordinated  time  slots. 
These  are  10  milliseconds  per  NAV  range  fix.  All  COM  and  IFF  transmissions 
are  inhibited  in  this  time.  The  pulse  burst  sequence  of  1  microsecond  pulses 
is  processed  as  PN  for  range  resolution.  Frequency  hopping  of  bursts  of 
these  pulses  occurs  over  100  MHz.  However,  for  ranging  precision  a  sidetone 
is  used. 


4.1.4  UNCOORDINATED  FH 


A  generic  type  of  system  design  having  a  number  of  favorable  attributes  and 
which  is  appropriate  to  the  CNI  problem  is  frequency  hopping.  Two  variants  distin¬ 
guished  are  coherent  and  noncoherent  frequency  hopping.  Coherent  frequency  hopping 
is  a  signal  in  which  the  instantaneous  phase  of  the  carrier  is  deterministic  from  hop  to 
hop,  whereas  in  noncoherent  frequency  hopping  there  is  no  controlled  phase  relationship 
from  hop  to  hop,  For  purposes  of  communication,  IFF,  and  course  navigation,  non¬ 
coherent  frequency  hopping  suffices;  but  for  fine  navigation,  the  coherent  version  appears 
necessary.  In  this  discussion,  the  noncoherent  version  is  described  first  and  then  the 
coherent  version.  A  distinct  possibility  would  be  to  use  coherent  signals,  ignoring  the 
coherence  for  all  except  the  high  accuracy  navigation  receiver/signal  processors. 

4.1. 4.1  Noncoherent  Version 

While  the  precise  determination  of  such  signal  parameters  as  hopping  rate, 
frequency  increment,  data  modulation,  and  error  coding  depends  on  detailed  analysis 
and  tradeoffs,  to  make  the  following  descriptions  clearer,  some  plausible  values  have 
been  chosen. 

An  appropriate  hopping  rate  is  5000  per  second,  that  is,  the  carrier  frequency 
is  selected  pseudorandomly  from  a  large  number  of  possible  equally  spaced  values, 
with  a  new  choice  every  200  microseconds.  Addressing  for  purposes  of  distinguishing 
nets  (but  generally  not  among  parties  in  a  net)  is  through  the  use  of  different  sequences. 

4. 1. 4. 1. 1  Data  Modulation 

For  2400  bit  per  second  communications  and  perhaps  for  data  accompanying 
identification  and  navigation  signals  (authentications,  altitude  replies,  station  coor¬ 
dinates,  etc. )  if  the  same  2400  bit  rate  is  appropriate,  the  modulation  could  advant¬ 
ageously  be  chosen  as  a  4-tone  MFSK,  Blocks  of  12  bits  would  be  encoded  to  24  bits, 
using  the  Golay  Code.  Then  the  encoded  binary  symbols  of  six  such  Golay  words  are 
interleaved,  the  composite  rate  being  4800  binary  symbols  per  second,  Each  succes¬ 
sive  pair  of  binary  symbols  is  used  to  select  one  of  the  four  tones.  After  three  such 
pairs  (and  tone  selections)  two  more  pairs  are  calculated  as  parity  checks,  which  are 
also  used  to  select  tones.  Interlaced  with  this  stream  of  frequency-shifted  hopped- 
carrier  bursts  is  a  series  of  unmodulated  bursts,  in  particular  every  fifth  hop  is 
without  modulation.  This  will  facilitate  code  tracking,  resynchronization,  AGC  and 
similar  operations  incident  to  the  communication  function, 
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This  timing  arrangement  is  illustrated  in  Figure  4-3.  In  the  5  milliseconds 
shewn,  24  data  bits  are  accepted  from  the  source  and  are  pairwise  used  to  determine 
the  frequencies  (fA>  £g,  f^,,  or  fg)  to  be  transmitted  during  12  of  the  25  hops  during 
that  same  5-millisecond  interval.  From  each  three  of  the  twelve  frequency  choices, 
two  more  choices  are  computed  according  to  the  coding  rules  described  below.  Finally 
every  fifth  hop  is  allocated  to  an  unmodulated  burst. 

Superimposed  upon  this  information  modulation  will  be  the  carrier  hopping,  so 
that  each  of  the  frequencies  selected  here  will  be  translated  by  a  pseudorandomly 
selected  carrier  frequency,  changed  at  5000  times  per  second. 

4. 1. 4. 1. 2  Data  Coding 

In  hopping,  systems  for  antijam  or  multiple  access  purposes,  it  is  essential  that 
the  obliteration  of  a  large  fraction  of  the  individual  hopped  bursts  be  tolerated,  thus 
implying  the  need  for  redundancy  and  the  consequent  ability  to  correct  errors  and/or 
erasures. 


REALTIME 


DATA  BITS  (2400/SEC) 

GOLAY-ENCGDED 
BINARY  SYMBOLS  (4800/SEC) 


INFORMATION 

TONES 


CHECKDIGIT  F4.F6 

TONES 


Fll,  F12  FI 7.  F18 


F23,  F24 


SYNC 


F5  F10 


F15  F20  F25 


F0 

FC 

TYPICAL  „ 
SIGNAL 

FA 


F0 
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Figure  4-8.  Modulation  Scheme  for  2400  Bit  Per  Second  Data.  w 
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Coding  may  be  viewed  in  a  different  way.  One  may  think  of  a  frequency-hopped 
system  as  a  kind  of  frequency  diversity  system  used  to  combat  a  si gnal-to- noise  ratio 
that  varies  across  the  band.  This  variation  may  be  due  either  to  signal  variations 
(selective  fading  due  to  multipath,  antenna  patterns,  propagation  effects)  or  to  noise 
variations  (interfering  signals,  CW  jammers,  RFI).  The  coding  is  then  simply  a  way 
of  achieving  the  necessary  time -frequency  diversity  and  the  decoder  is  the  diversity 
combiner. 

To  achiev  a  high  design  of  users,  in  the  allocated  spectrum,  extremely  high 
resistance  to  mutual  interference  is  needed,  since  in  high  density  situations,  the  inci¬ 
dence  of  two  or  more  signals  at  the  same  frequency  will  be  high. 

For  this  generic  signal  design,  a  double  coding  is  chosen.  First,  the  source 
data  is  encoded  by  the  highly  efficient  and  powerful  Golay  cede,  and  then  by  a  quater¬ 
nary  code,  which  is  also  very  efficient.  The  Golay  code  appends  12  parity  checks  to 
a  block  of  12  bits.  It  then  becomes  possible  to  correct  for  as  many  as  three  errors  in 
the  24  symbol  word  and  to  detect  the  occurrence  of  four  errors.  This  latter  feature 
can  be  useful  in  data  transmission  where  it  is  best  to  discard  questionable  data  rather 
than  risk  an  erroneous  decoding.  In  fact,  using  the  same  encoding,  error  correction 
power  can  be  traded  for  error  detection  power  at  the  receiver.  For  voice  transmissions, 
the  detection  feature  is  of  no  use,  but  since  removing  it  only  saves  one  check  digit,  it  is 
best  retained  for  purposes  of  standardization  and  simplicity  of  timing  circuitry. 

The  second  code  chosen  for  this  candidate  system  is  the  quaternary  (5, 3).  Its 
attraction  is  that  it  is  easily  mechanized  in  a  few  MSI  chips  and  that  it  is  an  ideal  code 
in  the  sense  of  being  close  packed  and  hence  efficient  of  energy.  (This  is  a  property 
also  shared  by  the  Golay  code. )  Since  this  code  is  not  as  well  known  as  the  Golay,  it 
will  be  described  in  some  detail  here. 

We  shall  use  the  symbols  A,  B,  C,  and  D  to  represent  the  four  numerals  of  the 
quaternary  number  system  and  Ql,  Q2,  Q3,  Q4,  and  Q5  to  represent  the  five  quater¬ 
nary  digits  comprising  a  code  word.  Ql,  Q2,  and  Q3  are  regarded  as  information 
bearing  (six  bits)  while  Q4  and  Q5  are  check  digits  computed  from  them.  Figure  4-9 
shows  the  rule  for  check  digit  commutation  graphically.  In  an  algebraic  representation 

'<4  =  Ql  +  Q2  +  Q3 

Q5  =  Ql  +  (C  x  Q2)  +  (D  x  Q3) 
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where  the  operations  »+«  and  'V  are  defined  as  follows. 


A  A 
B  B 
C  C 
D  D 


A  A 
B  A 
C  A 
D  A 


Study  of  these  tables  or  equations  will  quickly  convince  the  reader  of  the  proper- 
fies  of  this  code,  notably  that  the  Hamming  distance  is  3,  that  it  is  single  error  correct 
ing,  that  it  is  double  erase  correcting  and  is  close-packed.  Receivers  could  be  built 
that  employ  an  error  correction  detection  scheme  or  a  forced  double-erasure  scheme 
for  this  code.  However,  for  best  results,  it  is  suspected  that  the  proper  detection 

scheme  will  be  a  matched  filter  arrangement  preceded  by  a  clipper  to  limit  the  effect  of 
impulse  interference. 
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Figure  4-9,  Check  Digit  Tables  for  (5, 3)  Code 


A  precise  analysis  of  this  scheme  has  not  been  carried  though;  however,  indi¬ 
cations  are  that  the  performance  will  be  approximately  equal  to  that  of  coherent  binary 
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PSK  -  i.  e. ,  the  Gaussian  noise  error  rate  on  the  6-bit  block  will  be  about  0. 5  x  10 
at  8. 2  db  E^/N^.  The  power  of  this  scheme  is  not  so  much  its  adequate  performance  in 
impulse  noise,  but  that  it  will  permit  one  or  two  very  strong  interferences  during  the 
five  symbols,'  This  will  provide  immunity  to  occasional  obliterations  of  pulses  due  to 
coherent  strong  signals. 

4. 1. 4. 1. 3  Pulse  Shaping 

In  this  frequency  hopping,  illustrative  waveform,  it  is  desirable  to  use  a  pulse 
shape  on  the  individual  200  microsecond  pulses  with  a  more  compact  spectral  density 
than  would  be  obtained  with  simple  rectangular  pulses.  A  good  choice  would  be  a 
raised  cosine  (or  cosine  squared)  envelope,  The  spectra  for  these  two  waveforms,  for 
equal  energy  pulses,  is  shown  in  Figure  7-17  ofVolume  II.  The  advantage  of  the  raised 
cosine  pulse  becomes  evident  when  considering  the  problem  in  the  direct  mode  when  a 
nearby  strong  transmitter  is  operating  in  the  same  frequency  band  as  a  distant  weak 
transmitter  whose  signal  is  to  be  extracted.  If  the  strong  signal  were  of  the  rectangu¬ 
lar  type  it  would  obliterate  large  segments  of  the  band  in  the  neighborhood  of  its 
instantaneous  frequency,  net  just  its  nominal  channel.  However,  by  using  these  shaped 
pulses,  the  effect  is  greatly  reduced,  for  example,  by  30  db  at  channels  4/T  (20  KHz) 
away  from  nominal. 

4. 1. 4. 1. 4  Frequency  Spacing 

Having  chosen  the  pulse  shape,  it  is  then  possible  to  select  the  4  FSK  tone 
spacing.  It  is  found  that  two  such  pulses  are  orthogonal  if  their  carriers  are  spaced 
at  any  integer  multiple  of  the  pulse  rate.  A  practical  choice  is  15  KHz,  which 
would  than  place  the  four  tones  at  -30  KHz,  -15  KHz,  +15  KHz,  and  +30  KHz  from 
the  nominal  (hopped)  carrier,  corresponding  to  the  four  code  symbols  A  B  C  D  and 
the  four  tone  frequenei  3S  f^  fg  fg  mentioned  earlier. 

This  gives  a  nominal  signal  bandwidth  of  30  KHz,  measured  between  the  outer 
first  nulls  of  f-  and  £_.  If  the  objective  of  the  signal  design  were  primarily  random 
access,  then  the  granularity  for  the  frequency  hopped  signal  would  be  80  KHz  (or 
perhaps  100  KHz  for  compatibility  with  existing  channel  spacing  standards).  If  jam¬ 
ming  immunity  is  a  serious  consideration,  then  narrower  spacing  of  the  allowable 
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center  frequencies  would  be  used,  possibly  10  KHz,  in  the  interest  of  making  the  system 
less  vulnerable  to  CW  or  similar  signal  jamming. 


4. 1. 4, 1, 5  Spectrum  Usage 

A  first-cut  estimate  of  the  spectral  occupancy  of  this  signal  design  in  a  random 
multiple  access  system  is  made  here.  The  entire  band  is  taken  to  be  N  times  80  KHz, 
with  M  users  simultaneously  transmitting,  each  using  a  "randomly1*  chosen  channel  of 
the  80  KHz  channels.  The  probability  that  the  M  +  1st  user  will  choose  an  unoccupied 
channel  is  then  ,, 


for  each  hop.  The  action  of  the  limiter  matched  filter  arrangement  is  such  that  all 
signals  more  than  a  few  db  below  the  desired  signal  are  veiy  sharply  discriminated 
against  and  even  those  of  about  the  same  strength  will  often  be  sharply  discriminated 
against  when  their  cosine  squared  pulses  are  out  of  time  step  with  that  of  the  desired 
signal.  On  the  other  hand  some  very  small  number  of  interfering  signals  of  very  great 
power  will  have  spectral  sidebands  which  are  large  compared  to  the  desired  signal  and 
effectively  occupy  multiple  channels.  For  this  first  estimate  it  will  be  assumed  that 
half  of  the  total  number  of  signals  are  of  sufficient  size  to  bother  the  detection  of  the 
desired  signal.  It  should  be  noted  that  in  certain  short  range  communications,  such  as 
landing  and  tanker  refueling,  the  detections  will  be  much  smaller.  The  use  of  direc¬ 
tive  antennas  w  :uld  also  reduce  this  factor.  For  the  typical  case  the  probability  of  an 
effectively  clear  channel  is  thus  taken  as 

,  M/2 

v-w 

In  attempting  to  detect  one  of  the  four  TSK  frequencies,  only  three  out  of  five  inter¬ 
ference  situations  will  result  in  a  potential  error,  since  one-fifth  of  the  interfering 
pulses  will  fall  at  the  carrier  which  is  not  being  considered  at  the  time  of  information 
pulses,  and  another  one-fifth  will  be  at  the  same  frequency  as  the  desired  signal,  usu¬ 
ally  reinforcing  it. 

Assuming  a  high  signal  to  natural  noise  ratio,  the  quaternary  code  detection 
scheme  described  earlier,  notably  the  clipper-matched  filter,  will  not  fail  unless  three 
or  more  strong  bad  hits  occur.  This  is  largely  due  to  the  clipping  which  is  set  by  AGC 
action  at  a  level  just  above  that  of  the  desired  signal  level,  so  that  a  strong  hit  has  only 


-*> 
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slightly  more  weight  in  the  decision  than  a  proper  pulse.  Accordingly,  the  probability 
that  the  quaternary  decoding  will  fail  is  given  by 

J 

( 3  )  P3  (1  “  P)2  +  (4)  p4  (1  “  P)  +  (g)  P5 

where 


In  this  approximation,  tho  occurrence  of  multiple  interferences  at  a  single  pulse  time 
is  neglected.  The  quaternary  decoding,  when  it  fails,  will  usually  give  about  four  of 
the  six  information  bits  in  error.  This  permits  calculation  of  the  bit  error  rate  as  a 
function  of  M/N,  shown  in  Figure  4-10,  assuming  large  N. 


The  Golay  decoding,  done  on  a  triple  error  detection,  then  removes  most  of 
these  residual  errors.  The  straightforward  calculation  of  its  action  gives  the  overall 
result,  also  shown  in  Figure  4-10, 


UNCLASSIFIED 

1068-2469 


Figure  4-10,  Performance  of  the  Detectors  Versus  Ratio  of 
Users  to  Frequency  Channels. 
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This  estimate  is  that  for  10  bit  error  rate  the  number  of  channels  should  be 
about  three  times  the  number  of  simultaneous  "talkers. "  Thus  for  600  channels,  about 
3  x  600  x  80  KHz  or  144  MHz  would  be  needed. 

4. 1, 4. 1. 6  Synchronization 

It  would  be  reasonable  to  suppose  that  even  the  poorest  user  could  carry  a  clock 
good  to  1  millisecond  absolute  accuracy.  Since  the  propagation  time  uncertainty  is  of 
the  order  of  2  milliseconds,  there  is  little  payoff  in  having  much  better  clocks.  The 
composite  time  uncertainty  of  about  3  milliseconds  is  then  equivalent  to  15  hop  pulses. 
A  simple  serial  search  detection  technique  would  permit  each  of  these  pulse  positions 
to  be  searched  in  fom  or  five  information  bit  times,  giving  reliable  synchronization  in 
about  15  to  20  milliseconds.  (See  Section  7,4.5  of  Vol,  n  for  more  detailed  sync 
analysis.) 

Sync  tracking,  Doppler  tracking  and  AGC  action  would  be  performed  on  the 
interlaced,  unmodulated  hops,  with  the  allocation  of  one-fifth  of  the  signal  energy  to 
such  unmodulated  hops  sufficient  to  ensure  excellent  performance  in  these  functions. 

In  tracking  the  unmodulated  pulses,  it  should  not  be  difficult  to  interpolate 
between  the  half  amplitude  points  on  the  pulse  envelope  (100  microseconds  apart)  to 
about  6  microseconds,  given  reasonable  signal-to-noise  ratios  and  smoothing  times. 
Thus  a  range  measurement  accurate  to  the  order  of  1  mile  can  be  very  simple  and 
quickly  obtained  without  any  elegant  detection  or  tracking  systems. 


4. 1. 4. 2  Coherent  Frequency  Hopping 


To  achieve  extremely  precise  ranging,  it  is  necessary  to  employ  bandwidth 
much  greater  than  that  of  the  pulse  envelope.  One  method  which  appears  promising, 
is  to  make  the  hopping  carrier  coherent.  As  described  in  Section  5. 2. 2. 2,  certain 
frequency  synthesizer  configurations  can  be  built  in  such  a  way  that  the  output  phase  is 
deterministic.  Expressed  in  another  way,  if  the  synthesizer  were  so  constructed  that 
upon  selecting  any  multiple  of  the  frequency  standard  (80  KHz  in  our  case)  the  output 
waveform's  zero  crossings  always  coincided  with  those  of  the  standards,  it  becomes 
a  simple  matter  to  measure  the  relative  phase  of  two  such  standards  driving  two  such 
synthesizers  to  extreme  accuracy  by  making  phase  comparisons  on  the.  synthesized 
outputs  as  identical  frequency  selections  are  simultaneously  altered  on  the  two 


synthesizers. 


v 

! 
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Accordingly,  a  system  is  envisioned  in  which  the  navigation  base  station  (or 
stations)  use  a  very  stable  source  and  coherent  synthesizer.  The  actual  signal,  as 
described  previously,  would  be  modulated  with  either  data  pertinent  to  the  navigation 
function  (base  station  coordinates,  ephemeris,  atmospheric  correction  factors)  or 
otherwise.  After  an  aircraft  acquires  the  signal  on  a  noncoherent  basis,  its  navigation 
signal  processor  would  then  walk  the  phase  of  the  frequency  reference  until  the  phase 
of  the  unmodulated  (every  fifth)  pulses  in  the  IF  becomes  consistent.  A  serial  search, 
implied  in  this  statement,  would  improve  the  6  microsecond  accuracy  estimate,  avail¬ 
able  within  a  few  milliseconds  of  first  signal  acquisition,  down  to  a  few  nanoseconds  in 
about  10  seconds.  If  faster  refinement  is  desired,  more  elegant  (but  expensive) 
methods  of  estimation  and  search  could  be  implemented. 

4. 1. 5  HYBRID  COORDINATION  WAVEFORM  APPROACH 

The  hybrid  approach  illustrated  here  uses  uncoordinated  waveforms  in  the 
direct  mode  and  coordinated  waveforms  in  the  satellite  mode.  Also,  even  variation  in 
waveform  characteristics  and  parameters  should  be  considered  for  these  two  modes. 
The  rationale  for  this  hybrid  waveform  is  that  the  operating  environment  (propagation 
differences  and  even  threat  differences)  is  such  that  no  one  pure  waveform  is  optimum 
for  both  modes.  A  hybrid  waveform  design  does  not  necessarily  mean  a  doubling  of 
black  boxes.  Instead,  if  the  same  waveform  types  are  involved,  then,  one  black  box, 
but  with  parameters  and  functional  controls  that  are  automatically  changed  from  direct 
to  satellite  modes,  is  involved  here. 

An  illustration  of  the  hybrid  is  indicated  here  as  a  generic  waveform.  Specifi¬ 
cally,  a  hybrid  could  comprise  TH/FH-nonorthogonal  in  the  direct  mode,  and  TH/FH- 
orthogonal  in  the  satellite  mode.  The  direct  mode  scheme  would  be  as  described  in 
paragraph  4, 1.3,  The  remote  mode  scheme  would  use  a  25  millisecond  frame  (rather 
than  3  seconds  as  in  the  coordinated  TH  scheme  in  paragraph  4. 1, 2).  The  burst  length 
would  be  50  microseconds.  Each  pulse  has  a  0. 1  microsecond  width  and  is  hopped  in 
frequency  over  100  MHz  at  18, 200  hops  per  second  on  a  burst-to-burst  basis.  There  is 
a  dehopper  in  the  satellite  so  that  a  jammer  cannot  get  through  to  cause  an  additive  6  db 
limiter  suppression  effect, 

A  further  waveform  possibility  could  be  considered  in  the  hybrid  approach  to  use 
SSMA  of  PN  waveforms  in  the  satellite  mode.  That  is,  an  SSMA  approach  was  not  con¬ 
sidered  for  one  of  the  pure  generic  systems  because  the  multiple  access  efficiency  is 
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low  in  the  direct  mode  when  there  is  a  significant  "near-far"  problem.  However,  in 
the  satellite  mode,  where  effective,  power  control  can  elimina.te  "near-far”  problems, 
the  multiple  access  efficiency  attainable  with  SSMA  is  more  than  adequate.  It  has 
excellent  A/J.  The  major  problems  actually  are  those  of  having  a  satellite  waveform 
chat  is  significantly  dissimilar  to  the  direct  mode  solution,  ability  of  fast  sync  of  an 
extra  wideband  PN  waveform,  and  feasibility  of  such  continuous  wide  bandwidths  both 
in  terms  of  waveform  synthesis  and  the  dispersion  effects  of  the  satellite  channel.  The 
latter  two  problems,  however,  appear  solvable.  Another  factor  in  favor  of  PN  in  the 
satellite  mode  is  that  precise  ranging  can  be  obtained  even  under  sophisticated  jamming 
(look -through  jamming  is  not  feasible)  and  mulfcpach.  Direct  sequence  PN  is  currently 
recommended  as  the  signal  structure  for  NAVSAT,  so  that  compatibility  exists  in  this 
regard. 

4. 1.6  SUMMARY  OF  THE  FIVE  WAVEFORM  TYPES 

A  summary  of  the  five  waveform  types  that  have  been  discussed  is  given  in 
Table  4-2  in  terms  of  the  key  identifiable  characteristics,  advantages,  and  disadvantages 
when  these  waveforms  are  designed  for  the  CNI  problem  here.  As  seen  from  Table  4-2, 
no  one  waveform  has  all  the  advantages  stacked  in  its  favor,  and  the  different  waveforms 
tend  to  complement  each  other  in  these  regards.  In  particular,  it  appears  that  the  coor¬ 
dinated  waveform  types  have  a  higher  communication  efficiency  (measured  in  multiple 
accesses,  AJ,  dynamic  range,  and  tolerable  thermal  noise  for  a  full  capacity  system) 
and  navigational  accuracy  as  compared  to  the  uncoordinatrd  waveform  types.  On  the 
other  hand,  the  coordinated  waveform  types  required  a  coordination  time,  increased 
complexity  because  of  the  need  for  coordination,  and  a  possible  increased  intelligent  AJ 
vulnerability  because  of  the  special  requirements  for  coordination.  This  is  all  in  con¬ 
trast  to  the  case  for  the  uncoordinated  waveforms. 

Now,  in  comparing  the  frequency  hop  type  with  the  time  hop  type,  whether  for 
the  coordinated  or  uncoordinated  cases,  the  FH  types  seem  to  have  increased  communi¬ 
cation  efficiency  for  the  direct  mode,  were  it  not  for  dynamic  range  spectrum  splatter, 
whereas  the  time-hopped  type  has  increased  efficiency  for  the  satellite  mode.  In  the 
direct  mode  specifically,  the  factors  of  less  multipath  degradation,  improvement 
through  use  of  power  control,  and  greater  ease  of  sync  contribute  to  the  FK  advantages. 
However,  the  direct  mode  efficiency  of  FH  waveforms  becomes  limited  in  wide  dynamic 
range  situations  (say  greater  than  80  db).  Also,  these  waveforms  have  limited  connect¬ 
ivity.  In  contrast,  the  TH  waveforms  have  high  performance  in  these  latter  regards, 
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High  connectivity, 


whereas  for  moderate  dynamic  range  situations  they  may  not  be  as  good.  Now  in  the 
satellite  mode  specifically,  the  factors  of  not  needing  power  control,  and  of  not  haviug 
intermod  problems  and  of  not  needing  to  back  off  in  power  efficiency,  contribute  to  the 
TH  advantages  over  the  FH  waveforms. 

The  results  developed  above  would  indicate  that  the  candidate  waveform  designs 
to  be  selected  for  further  study  and  comparison  would  be  hybrid  variations  of  the  above 
basic  types.  Doing  no  would  combine  the  best  features  and  minimize  the  disadvantages 
of  the  individual  waveform  types,  since  as  already  stated,  no  one  of  the  waveform  types 
considered  has  all  the  advantages  stacked  in  its  favor, 

T 

4.2  CANDIDATE  WAVEFORMS 

As  a  result  of  the  discussion  in  Section  4. 1  on  the  illustrated  generic  waveform 
types,  three  candidate  waveform  designs  are  defined  here  that  are  in  each  case 
actually  different  hybrids  of  the  generic  waveform  types.  The  waveforms  are  identi¬ 
fied  as  FH/PN/TH-coordinated;  TH/PN/FH-hybrid-coordinated;  and  FH/TH-hybrid- 
coordinated,  respectively.  These  candidate  waveforms  are  described  now  in  more 
detail,  and  their  rationale  also  indicated  so  that  a  selection  of  a  single  plausible  CNI 
waveform  design  can  be  made  in  Section  4.3. 

4. 2. 1  FH/PN/TH-COORDINATED  WAVEFORM 

The  FH/PN/TH-coordinated  waveform  candidate  results  essentially  by  time¬ 
gating  on  a  TOMA  basis  the  FK/PN  waveform  design  discussed  previously,  scaling  the 
parameters  accordingly,  and  also  optimizing  the  design.  The  various  performance 
factors  that  motivate  this  candidate  waveform  design  are: 

1.  Coordination  of  the  COM  waveforms  among  the  different  users 
allows  efficient  usage  of  satellite  power  (main  limitation  on  capacity  in 
satellite  mode)  and  direct  mode  bandwidth  (since  power  is  not  a  problem 
here)  so  as  to  achieve  a  high  capacity  and,  efficiency  in  all  cases.  The 
use  of  common  satellite  timing  facilitates  this  coordination  for  both  the 
satellite  and  direct  modes.  In  fact  it  appears  plausible  to  be  able  to 
coordinate  not  only  the  direct  mode  COM  accesses  among  themselves 
and  satellite  COMSAT  accesses  among  themselves,  but  also  to  coordinate 
the  direct  mode  with  the  satellite  downlink  so  that  the  two  can  use  a 
common  frequency  band. 
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Though  the  NAV  and  7FF  waveforms  are  coordinated  in  a  more 
limited  sense,  or  not  at  all,  as  will  be  indicated  in  the  subsequent  sys¬ 
tem  description,  (actually  the  NAVSAT’s  are  not  coordinated  with  the 
COMSAT;  also  the  IFF  accesses  in  the  direct  mode  are  not  coordinated 
among  each  other)  this  does  not  really  impact  on  satellite  power  or  direct 
mode  bandwidth s.  Reference  to  this  waveform  as  a  coordinated  one  is 
meant  to  pertain  primarily  to  the  high  density  COM  traffic. 

2.  The  use  of  a  combination  of  essentially  orthogonal  and  controlled 
frequency  and  time  slotting  gives  the  high  multiple  access  performance 
efficiency  of  the  waveform  design.  The  PN  portion  does  not  significantly 
contribute  to  this  but  is  included  for  multipath  reasons  primarily. 

3.  The  use  of  both  frequency  Z'jA  time  slotting  combine  to  give  the 
system  a  high  dynamic  range.  For  severe  dynamic  range  situations  (the 
worst  case  near-far  problem)  the  provision  of  some  time  slotting  allows 
time  separation  of  these  interfcrers,  whereas  for  simultaneous  use 

of  multiple  frequencies,  interference  could  occur  because  of  equipment 
nonlinearities  (assuming  the  tunable  receiver  front  end  cannot  cope  with 
the  situation).  On  the  other  hand,  time  persistence  interference  can 
occur  in  the  near-far  situation  for  a  time-slotted  design,  due  to  the  pro¬ 
pagation  delay,  the  multipath  environment,  and  equipment  filtering  plus 
nonlinearities.  Choice  of  wide  enough  time  ulots  alleviates  these  pro¬ 
blems,  However,  for  an  all  time-slotted  design  long  frame  times  are 
required,  even  though  not  all  users  are  exposed  to  this  near-far  inter¬ 
ference  at  the  same  time.  The  combination  of  frequency  slotting  with 
time  slotting.wilh  coordinated  use  of  the  slots,  should  adequately  satisfy 
the  near-far  problem  for  those  users  affected  whereas  users  with  less 
severe  dynamic  range  requirements  are  not  penalized  by  long  waiting 
times. 

4.  Transmitter  and  receiver  equipment  timesharing  is  facilitated  by 
the  time  slots  in  the  waveform  design,  though  to  a  certain  extent  in 
principle,  one  could  use  time  compression  techniques  without  going  to 
TOMA  slots. 
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5.  Frequency  slotting  in  combination  with  error  correction  coding 
improves  anti-multipath  performance  for  short  delays.  That  is,  the 
effect  is  made  to  be  more  of  a  fading  one,  which  is  easily  handled  by  the 
error  coding,  assuming  bit  interleaving  is  also  implemented, 

6.  Frequency  slotting  facilitates  sync  acquisition  in  accordance  with 
system  design,  i,  9. ,  with  digital  matched  filters,  the  clock  rate  ami  bit 
storage  requirements  are  less,  whereas  with  serial  search  methods  the 
number  of  bits  uncertainty  is  less, 

7.  Relative  to  impact  on  NAV  measurement  accuracy,  suitable 
accuracy  can  be  achieved  with  whatever  amount  of  frequency  slotting  (one 
uses  sidetone  ranging)  or  PN  (one  ranges  on  clock  phase)  that  is  dictated 
by  other  system  considerations  (both  PN  and  sidetone  ranging  are  indi¬ 
cated  here).  On  the  other  hand,  pure  time  slotting  depends  on  rather 
high  peak  powers  that  may  not  easily  be  achievable.  A  better  NAV  design 
in  the  latter  case  would  be  to  combine  PN  spreading  and/or  frequency 
slot  sidetone  ranging  with  the  time  slotting. 

8.  The  combination  of  a  powerful  error  correction  code  (sequential 
decoding)  v/ith  binary  modulation  (DPSK)  gives  a  low  E^/N^  for  bit 
detection,  which  is  desirable  for  the  power-starved  satellite  downlink. 

In  the  candidate  FH/PN/TH  waveform  design  here,  the  goal  of  a  common  wave¬ 
form  is  met  in  the  sense  that  a  basic  or  elemental  waveform  is  used,  unchanged,  for 
all  CNI  applications.  However,  the  formatting  and  multiplexing  for  the  different  appli¬ 
cations  is  not  kept  the  some,  the  reasons  being  system  optimization  in  each  case. 

These  variations  do  not  have  a  significant  impact  on  complexity  -  the  black  boxes 
required  are  still  minimized. 

Refer  to  Figure  4-11  for  a  diagram  of  the  basic  signal  structure  involved.  It 
comprises  a  burst,  which  is  60  microseconds  long  (based  on  reducing  the  effect  of  sys¬ 
tem  ringing  in  near-far  situations  due  to  multipath  persistence)  and  contains  6  digits, 
each  10  microseconds  long’.  These  digits  represent  different  information  bits  since 
they  are  selected  from  an  interleaved  pattern  (so  that  digit  errors  for  a  bit  in  the  chan¬ 
nel  will  be  random  and  independent)  of  error  correction-coded  bits.  Since  rate-1/2 
convolution  encoding/sequential  decoding  is  used,  2  digits  represent  a  bit  (but  the  digits 
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Figure  4-11.  Basic  FH/PN/TH  Signal  Structure  for 
All  Functions  and  Modes. 

represent  different  bits  in  the  transmitted  burst).  However,  a  phase-reference  digit 
is  included  as  one  of  the  6  digits  in  the  burst,  so  that  the  latter  actually  contains  a 
total  of  2. 5  bits. 

On  the  other  hand,  to  reduce  the  inefficiency  involved  in  sending  a  reference 
digit  in  every  burst  interval,  the  coherent  hopping  capability  discussed  subsequently 
in  Section  4.2. 1. 10  can  be  used  so  that  a  phase  reference  digit  need  be  sent  less 
frequently.  In  effect  then,  a  burst  of  6  digits  will  contain  3  bits  of  information  rather 
than  2. 5  bits.  The  higher  value  is  used  in  the  illustration  cases  for  the  succeeding 
figures.  One  can,  however,  scale  the  parameters  accordingly  if  it  is  desired  to 
send  the  reference  in  every  burst. 

The  digits  of  the  burst  are  DPSK  modulated  on  a  carrier.  Each  DPS.K  modulated 
digit  is  also  quadriphase  modulated  by  10  PN  chips  (the  PN  is  primarily  to  combat  inter¬ 
symbol  interference  due  to  multipath).  For  10  microsecond  long  digits  we  new  have  1 
microsecond  for  the  duration  of  each  PN  chip.  The  bandwidth  of  the  resultant  signal  is 
1  MHz.  The  entire  burst  of  digits  is  transmitted  on  the  same  frequency,  which  would 
be  one  of  100  possible  frequencies  in  a  100  MHz  bandwidth.  This  burst  structure,  as 
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indicated  in  Figure  4-11  is  the  basic  signal  structure  for  the  coordinated  FH/PN/TH 
waveform  design  to  be  used  for  all  the  functions  and  modes. 

4. 2. 3, 3.  Direct  COM 

Tho  formatting  of  this  basic  waveform  (where  formatting  means  the  nature  of 
the  sequence  of  successive  bursts  in  a  message)  can  be  made  different  for  different 
functions  and  modes  to  optimize  corresponding  performance.  Figure  4-12  indicates 
the  signal  format  for  direct  mode  2400  bp3  COM,  Since  a  coordinated  waveform  sys¬ 
tem  design  is  involved  (to  achieve  high  capacity  and  efficiency  of  equipment  time¬ 
sharing),  the  transmitted  sequence  for  each  access  signal  must  be  sufficiently  long 
and/or  allow  enough  guard  time  so  that  the  propagation  delay  differences  among  the 
different  access  signals  do  not  cause  intolerable  mutual  interference.  The  signal  for¬ 
mat  in  Figure  4-12  indicates  a  guard  time  of  0. 75  milliseconds  and  an  on-time  sequence 
length  of  20  of  the  60  microsecond  bursts,  giving,  therefore,  a  total  of  about  2  milli¬ 
seconds  (sum  of  guard  and  on-times)  for  sending  60  bits.  This  entire  sequence  is  sent 
on  one  frequency  (out  of  100  possible),  with  a  change  in  frequency  allowed  for  the  next 
sequence  interval,  so  that  the  hopping  rats  is  500  hps.  To  obtain  a  data  rate  of  2400  bps, 
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Figure  4-12,  Transmitted  Signal  Format  for  Direct  Mode  2400  bps  COM; 


the  frame  time  for  the  burst  sequence  transmission  per  signal  access  is  20  milliseconds. 
The  corresponding  time  duty  factor  then  is  20  to  1.  However,  because  of  the  guard¬ 
time  and  interleaving  of  signalling  slots,  only  10  different  2400  bps  signals  are  allowed 
on  a  frequency-time  pattern  on  a  TDMA  basis.  With  100  frequency-time  patterns  one 
then  has  up  to  a  total  of  1000  such  signals.  This  scheme,  however,  presumes  the 
ability  to  orthogonally  separate  out  the  different  signal  waveforms  by  use  of  coordina¬ 
tion  procedures  and  slot  assignments  based  on  NAV  position.  As  an  alternative  to  this 
tight  control  one  would  back-off  in  capacity  from  the  1000  total  so  that  with  a  reduced 
occupancy  of  frequency  time  space,  the  statistical  probability  of  mutual  interference  is 
at  a  tolerable  level. 

Figure  4-13  indicates  the  formatting  for  a  possible  system  requirement  of  75  bps 
signals  in  direct  mode  COM.  Coordination  of  signal  accesses  is  still  assumed.  There¬ 
fore  the  guard  time  and  sequence  length  of  bursts  (20  of  them)  is  the  same  as  for  2400 
bps  COM  in  Figure  4-11.  One  also  stays  on  a  given  frequency  for  the  entire  sequence 
length.  However,  the  frame  length  for  a  given  75  bps  signal  access  is  now  32  times 
longer  or  768  milliseconds  (about  3/4  seconds).  A  corresponding  greater  number,  or 
specifically  320,  accesses  are  now  allowed  on  a  TDMA  basis  on  a  frequency-time  pat¬ 
tern.  They  can  coexist  with  the  rest  of  the  2400ibps  direct  mode  COM  environment, 
since  it  uses  the  same  signal  structure  parameters  (as  in  Figure  4-11),  but  occupies 
one  of  the  100  total  frequency  time  patterns. 

4. 2. 1.2  Random  Access  IFF  and  Signalling 

Figure  4-14  indicates  the  formatting  for  random  access  IFF  and  signalling 
functions.  This  function  is  defined  here  as  the  ability  for  different  and  multiple  ter¬ 
minals  to  send  short  messages  without  prescribed  slot  assignments,  and,  therefore, 
without  coordination  of  waveforms  with  each  other.  Its  usage  would  be  for  those  opera¬ 
tional  situations  where  random  access  type  of  IFF  may  be  desired,  or  where  supervisory 
signalling  is  required  so  as  to  get  organized  into  coordinated  nets  (this  would  be  for 
cases  where  one  must  allow  for  more  addresses  than  there  ere  slots,  or  where  know¬ 
ledge  of  slots  is  simply  lost  or  does  not  exist).  All  these  applications  are  lumped 
together  in  the  random  access  function  in  Figure  4-14,  It  should  be  noted,  however, 
that  the  suggested  operational  use  of  it  for  IFF  does  not  preclude  use  of  coordinated 
75  bps  surveillance  type  nets  (as  in  Figure  4-13)  for  those  IFF  applications  where  it  is 
both  operationally  feasible  and  desirable,  Ne /ertheless,  referring  to  Figure  4-14,  it 


-59- 


I 


/*M722 

UNCLASSIFIED 


Figure  4-13.  Transmitted  Signal  Format  for  75  bps  Direct  Mode  Net 
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Figure  4-14,  Transmitted  Signal  Format  for  Bandom 
Access  IFF  and  Signalling, 
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is  seen  that  the  same  signal  structure,  but  with  the  60-mtorosecond  bursts  sent  out 
individually  (but  in  a  sequence)  is  used.  The  frequency  is  changed  from  buret  to  burst 
(this  randomises  the  e.rors  in  the  short  IFF/signalling  message  so  that  error  correc¬ 
tion  coding  can  be  effective  in  achieving  reliable  detection).  The  spacing  between 
successive  bursts  for  a  given  signal  is  2  milliseconds  or  greater,  giving,  therefore, 
the  same  frequency  hop  rate  requirement  as  for  direct  mode  COM,  i.  e. ,  500  hps.  For 
a  48-bit  signalling  message,  16  of  these  bursts  must  be  successively  received.  The 
waveform  design  here  allows  for  repetition  of  the  signalling  message  transmission  and 
for  guarding  of  two  addresses  by  a  terminal;  these  are,  an  individual  address  based  on 
NAV  position  for  the  case  of  IFF  or  an  identity  address  for  the  case  of  COM  signalling, 
and  a  universal  address  which  all  terminals  would  detect. 

By  allowing  for  use  of  all  100  frequency-time  patterns,  but  for  a  fraction  of  the 
time,  a  capability  of  up  to  150  simultaneous  random-access  signals,  as  in  Figure  4-14 
can  be  accommodated.  This  assumes  that  the  coordinated  COM  accesses  are  isolated 
from  the  random  access  IFF/signalling  function  here,  so  that  interference  between  the 
two  groups  does  not  occur.  As  such,  there  is  random-access  mutual  interference  only 
among  different  accesses  within  the  IFF/signalling  function  group.  The  design  here 
would  allocate  a  time  slot  or  slots  for  this  signalling  function  (16  percent  of  the  time 
for  this  is  illustrated  in  the  design  here).  If  an  aircraft  did  not  have  timing  information 
needed  for  this  purpose,  it  is  presumed  capable  of  getting  timing  from  the  NAV  infor¬ 
mation  he  has. 

A  possible  alternative  to  this  design  would  not  orthogonally  separate  the  coor¬ 
dinated  COM  accesses  from  the  random  access  signalling  function,  but  would  simply 
overlay  the  two.  A  back-off  iu  coordinated  mode  COM  capacity  from  the  maximum 
would  be  required  to  allow  for  the  random  access  mutual  interference.  As  for  the 
added  interference  to  the  random  access  signals  due  to  the  coordinated  COM  nets,  this 
is  discriminated  against  by  the  fact  that  random  access  signalling  would  now  have  access 
to  all  the  FT  cells,  not  just  to  16  percent  of  them.  Though  efficiency  is  degraded  some¬ 
what  by  this  overlay  technique,  it  has  the  advantage  that  knowledge  of  both  timing  and 
slotting  is  not  required  by  the  random  access  signals.  In  fact,  the  random  access 
signalling  function  can  be  used  to  transfer  timing  as  well  as  to  obtain  slot  assignments. 
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Figure  4-15  indicates  the  formatting  for  the  ILS  mode.  Active  transponder 
ranging  and  beam  rider  techniques  ure  presumed  here.  For  ranging,  the  transponder 
demodulates  (range  to  the  transponder  must  be  known  in  a  coarse  sense  for  this  pur¬ 
pose,  i.e. ,  to  within  a  1-microsecond  PN  chip  width  -  this  appears  plausible  based  on 
NAVSAT  position  information),  digitally  delays  for  a  prescribed  time  interval  (as  dis- 
cussedinSection4.2. 1.10.2),  remodulates,  and  retransmits  on  the  same  frequency  on 
which  is  received.  All  aircraft  in  the  landing  zone  are  coordinated  in  waveform  usage 
so  that  they  would  transmit  only  in  every  other  slot,  and  allow  the  transponder  to 
retransmit  in  the  intervening  slots.  Slot  assignments  are  made  to  the  aircraft  upon 
entering  the  landing  zone.  A  1-millisecond  time  interval  comprising  16  bursts  of  the 
basic  signal  structure  is  used  for  the  transmit  and  receive  functions.  This  is  wide 
enough  to  minimize  the  effect  of  mutual  interference  between  slots.  The  total  time 
for  receive  and  successive  retransmit  at  the  transponder  then  is  2  milliseconds.  The 
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Figure  4-15.  Signal  Format  for  ILS  at  Transponder  for  Active 
Ranging  and  Beam  Rider 
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frequency  is  held  constant  over  this  interval  and  changed  from  interval  to  interval,  e.g. , 

500  hps  in  the  direct  mode  COM  for  aircraft  outside  the  landing  zone.  The  formatting  design 
indicated  in  Figure  4-15  illustrates  the  case  of  10  aircraft  that  are  coordinated  on  a  TDMA 
basis  on  each  of  five  frequency  time  patterns  so  as  to  accommodate  50  aircraft  in  the  landing 
zone  with  a  fix  rate  of  five  per  second  for  each  aircraft,  each  at  a  different  possible  fre¬ 
quency  in  the  100- MHz  bandwidth.  Since  coherent  sidetone  ranging  discussed  in  Section 
4.2. 1.10  is  used,  a  range  accuracy  of  6  feet  is  achievable  in  the  presence  of  Just 
Gaussian  noise.  Furthermore,  the  repetition  scheme  would  mean  up  to  tenth-order  fre¬ 
quency  diversity  against  interference  such  as  multipath,  provided  its  differential  path 
delay  is  not  too  short  (the  coherence  bandwidth  must  be  less  than  the  100  MHz  range 
signal  bandwidth  by  the  order  of.  diversity  considered  -  actually  fourth  order  diversity, 
rather  than  tenth  order  diversity,  should  give  adequate  performance).  Superposed  on 
each  ranging  carrier  transmission  are  48  bits  of  information  (16  bursts  of  the  basic 
signal  structure).  For  one  repetition  every  20  milliseconds  this  means  2400  bps. 
Therefore,  a  two-way  voice  link  between  the  air  traffic  controller  at  the  ILS  transponder 
site  and  each  aircraft  in  the  landing  zone  is  also  provided  by  the  ranging  signal. 

Now  the  ranging  scheme  in  Figure  4-15  would  be  used  whether  or  not  the  ILS 
transponder  has  an  omni  or  directive  antenna.  However,  given  the  efficacy  of  a  0. 1 
degree  (elevation)  by  0. 2  degrees  (azim.ith)  pencil  beam  at  the  transponder,  and  that 
traffic  control  knows  the  position  c£  each  r  iraft  (up  to  50  in  the  landing  zone) 
so  that  it  can  point  the  beam  in  the  desired  direction,  it  is  desirable  to  have  a  pencil 
beam  track  each  aircraft  in  the  landing  zone.  There  would  actually  be  5  such  beams 
(one  for  each  of  the  five  frequency  time  patterns  in  Figure  4-15  that  would  be  time- 
hopped  from  aircraft  to  aircraft  of  the  10  assigned  to  a  beam,  dwelling  on  an  aircraft 
for  the  2-millisecond  basic  rangi  T  interval.  This  pencil  beam  would  further  discrim¬ 
inate  against  multipath  (including  -t  multipath  for  which  we  have  no  frequency 
diversity  in  a  100  MHz  bandwidth)  and  other  interference  when  a  ranging  signal  is  trans¬ 
mitted. 

if 

Assuming  the  less  desirable  alternative  that  a  tracking  pencil  beam  concept  is 
not  used,  the  beam  rider  information,  in  terms  of  azimuth  and  elevation,  is  provided  by 
broadcast  step-scan  beams  that  periodically  cover  all  the  possible  angles  for  landing  in 
the  landing  zone.  When  an  aircraft  intercepts  one  of  these  beams  (threshold  setting  will 

Ground  tracking  may  have  undesirable  system  implications,  in  contrast  to  beam  rider 

schemes  not  involving  a  tracking  requirements. 


discriminate  against  side  lobe  signals  plus  the  fact  that  side-lobe-cancellation  techni¬ 
ques  will  also  be  employed),  the  detection  of  the  broadcast  information  will  provide  its 
azimuth  or  elevation  coordinate.  Figure  4-15  indicates  this  information  as  transmitted 
on  a  separate  frequency-time  pattern  from  the  ranging  signal  which  uses  an  omni 
antenna,  and  time  synchronized  so  that  the  broadcasts  occur  in  parallel  only  in  the 
transponder  range  retransmit  slots.  The  assumed  dwell  time  of  each  beam  is  1  milli¬ 
second.  For  this  purpose  multiple  fan  beams  in  both  azimuth  and  elevation  are 
required,  the  number  depending  on  the  angular  resolution  and  volume  of  space  required. 
It  would  be  convenient  to  TDMA  the  azimuth  and  elevation  scans  so  that  each  occupies 
0. 1  second  for  a  total  ILS  fix  interval  of  0. 2  seconds. 

An  alternate  means  of  getting  range  information,  as  contrasted  to  the  coor¬ 
dinated-waveform  method  described  above,  is  to  use  the  random -access  IFF/signailing 
function  mode.  A  t,  -  t2  transponder  concept  would,  of  course,  still  be  used  (the  trans¬ 
ponder  retransmits  on  the  same  frequency  as  the  received  signal  but  with  a  time  delay). 
The  ILS  multiple-access  capacity  would  not  be  as  efficiently  used  now  (in  a  bandwidth 
sense)  as  with  the  coordinated  waveform  design.  However,  it  has  the  operational 
advantage  of  not  requiring  knowledge  of  a  given  slot  assignment.  Actually,  since  both 
a  coordinated  waveform  capability  and  a  noncoord inated  waveform  capability  (as  per 
Figure  4-14)  are  provided  in  this  design,  either  method  of  ILS  ranging  can  be  used, 
depending  on  the  operational  situation.  The  coordinated  waveform  method  is  preferred. 

4. 2. 1. 4  Remote  COM 

Figure  4-16  indicates  the  formatting  for  the  2400-bps  remote-mode  COM,  i.  e. , 
the  satellite  mode.  Considering  all  COM  that  goes  via  the  same  satellite,  the  propaga¬ 
tion  delays  for  each  signal  should  be  known  rather  accurately  (from  the  NAV  data)  so 
that  insignificant  guard  times  between  signals  are  required.  In  this  case  it  is  desired 
to  interleave  the  individual  60-microsecond  bursts  for  each  signal,  rather  than  send 
sequences  of  bursts  for  each  signal,  so  as  to  decrease  potential  repeat-j am  vulner¬ 
ability  on  the  up  link  from  any  one  site.  Therefore,  as  shown  in  Figure  4-16,  a  single 
burst,  of  the  same  basic  signal  structure,  is  sent  out  for  each  signal  with  a  frame  time 
of  20  burst  intervals  on  a  given  frequency -time  pattern.  Different  signals  are  sent  on 
10  frequency-time  patterns  in  parallel  for  a  total  illustrated  capacity  of  200,  These 
signals  are,  of  course,  all  coordinated.  Satellite  processing  ,*s  used,  as  described 
later. 
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Figure  4-16.  Transmitted  Signal  Format  for  Remote  Mode 

2400  bps  COM. 

4.2. 1.5  NAV 

Figure  4-17  indicates  the  formatting  for  the  navigational  satellite  mode.  In  this 
case  a  sequence  of  60-microsecond  bursts  of  the  basic  signal  structure  are  sent  out 
consecutively  from  each  NAVSAT.  NAV.SAT  data  is  superimposed  on  these  transmissions 
so  that  a  48-bit  NAV  message  is  sent  every  16  burst  intervals,  or  in  about  1  millisecond. 
This  message  is  repeated  in  subsequent  transmissions  in  the  1-second  total  interval  that 
is  presumed  to  be  allowed  for  a  NAVSAT  fix.  The  frequency-time  pattern  used  for  each 
NAVSAT  is  hopped  at  the  same  rate  as  the  rest  of  the  system,  i.  e. ,  500  hps.  Each 
NAVSAT  transmission  is  uncoordinated  with  the  other  NAVSAT’s.  The  group  of  down 
link  satellite  frequencies  for  all  the  satellites  is,  however,  separated  on  an  FDMA 
basis  with  the  direct  mode  signals  (because  the  latter  can  use  up  to  100  percent  of  the 
available  slots  and  can  be  stronger  by  88  db  or  more)  and  frequencies  are  exchanged 
with  the  latter  on  a  coordinated  but  much  slower  basis  than  the  basic  hop  :ate  within 
each  group  of  frequencies  (because  of  the  large  variable  propagation  delays  to  the 
satellites  coordination  in  time  with  the  direct  mode  is  possible  only  at  a  slow  rate; 
however,  because  the  rate  of  change  of  Doppler  frequency  to  the  different  satellites  is 
less  than  a  channel  bandwidth,  coordinating  them  with  the  direct  mode  in  frequency, 
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Figure  4-17,  Transmitted  Signal  Format  for  .Remote  Mode  Navigation. 

i.e.,  on  an  FOMA  oasts,  can  be  done  easily),  ’■  The  NAVSAT  signals  are  sent  repetitively 
because: 

1,  Being  noncoordinated  with  each  other  and  with  the  satellite  COM 
signals  and  also  splatter  from  strong  direct  mode  COM  signals, 
the  repetition  processing  gain  is  needed  to  discriminate  against 
mutual  interference. 

2,  Being  coordinated  with  the  direct  mode  mainly  in  frequency,  yet 
desiring  to  timeshare  the  receiver  processor  with  the  direct 
mode  (and  also  with  the  other  NAVSAT ’s)  multiple  look  possi¬ 
bilities  at  the  NAV  signal  are  needed. 


This  repetitive  NAV  transmission  actually  degrades  efficiency  in  the  order  of  6  db  or 
slightly  greater  since  any  one  NAVSAT  is  processed  only  a  fraction  of  the  time  (four 
NAVSAT's  plus  COM)  whereas  it  transmits  100  percent  of  the  time.  Operational  flexi¬ 
bility,  however,  is  obtained  in  trade. 


4. 2. 1, 6  Multiplexing  of  Functions 


Figure  4-18  indicates  the  multiplexing  of  the  different  functions  (COM,  NAV, 
random  access  IFF/signalling,  and  ILS)  and  modes  (direct  mode  and  satellite  down 
link).  Only  the  satellite  up-link  mode  is  not  indicated,  since  it  will  be  in  a  separate 
frequency  band  (a  separate  band  is  used  because  of  the  difficulty  of  operation  in  one 
common  band).  Figure  4-18  indicates  a  100-MHz  band  for  multiplexing  of  all  the 
functions  and  modes  indicated.  A  1-second  segment  of  time  is  also  shown,  to  highlight 
the  duty  factors  involved  for  the  different  functions  (Figure  4-18  does  not  show  the 
actual  frequency -iime  patterns  involved  over  this  interval  of  time).  In  the  frequency¬ 
time  space  the  NAVSAT  signals  are  coordinated  with  the  other  direct-mode  functions 
on  an  FDMA  basis.  This  means  they  are  on  separate  frequencies.  All  four  NAVSAT's 
are  nonooordinated  with  each  other  in  th.  use  of  the  frequency -time  pattern  involving 
these-  frequencies.  Their  hop  rate  over  them  is  the  same,  500  hps,  as  for  the  rest  of 
the  system.  However,  the  programmed  exchange  of  frequencies  used  with  the  rest  of 
direct-mode  CNI  is  on  a  much  slower  basis  because  of  the  long  variations  in  propagation 
delay  to  the  different  NAVSAT's.  The  NAVSAT's  broadcast  continuously  on  their 
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Figure  4  -*.- ,  Multiplexing  of  CNI  Functions  for  Direct  Mode  and 
Remote  Mode  Down  Link. 

-67- 


frequency-time  patterns.  The  communication  satellite  down  link  is  on  a  set  of  10 
fluencies  which  is  also  coordinated  with  the  rest  of  direct  mode  CNI  on  an  FDMA 
a&i-.a.  The  NAV  and  COM  satellites  can,  however,  share  the  same  frequency.  That 
is,  though  the  different  satellite  signals  may  hop  at  the  system  rate  in  their  group  of 
frequencies,  the  group  of  10  frequencies  is  exchanged  with  the  rest  of  direct-mode  CNI 
on  a  slower  basis.  The  ILS  mode  now  is  on  a  set  of  6  frequency -time  patterns  which 
is  coordinated  with  the  direct-mode  COM  frequency-time  patterns.  The  random  access 
IFF/signallingfunction  is  coordinated  with  tile  rest  of  the  CNI  system  on  aTDMA  basis: 
that  is,  a  specific  time  slot  is  provided  in  which  all  the  frequency-time  patterns  are 
allocated  to  noncoordinated  use  for  this  function.  The  time  slot  is  illustrated  as  16 
percent  of  all  the  sub-time  slots.  The  direct  mode  COM  function  now  occupies  the 
rest  of  the  frequency-time  patterns  and  time  slots  exclusive  of  those  used  for  the  other 
functions  and  modes  as  described  above.  All  patterns  are  intended  to  be  occupied  for 
maximum  system  COM  capacity.  On  each  pattern  there  are  10  different  2400-bps  COM 
signals  on  a  TDMA  basis.  They  would  bo  interleaved  on  a  2-millisecond  interval  basis 
rather  than  on  a  large  group  bi\3is  as  shewn  in  Figure  4-18.  In  parallel  there  are  80 
such  groups  of  allowed  accesses  for  a  total  of  800  COM  accesses.  This  is  obtained  by 
subtracting  from  the  1000  total  system  signal  capacity  the  amount  indicated  for  the 
other  functions  and  modes.  It  should  be  noted,  however,  that  each  2400-bps  COM  sig¬ 
nal  access  can  be  replaced  by  an  equivalent  number  (32)  of,  say,  75-bps  accesses  (or 
actually  on  a  frequency-time  pattern  basis  one  would  have  320),  or  a  group  of  2400  bps 
COM  accesses  can  be  replaced  by  an  equivalent  higher  capacity  access.  For  example, 
for  19, 200  bps  delta-modulated  voice  one  could  trade  for  4  of  the  2400  bps  COM  signals 
(this  is  based  on  eliminating  the  need  for  rate  1/2  error  correction  coding  as  discussed 
in  Section  7.3.3  of  Volume  II  but  retaining  the  10  db  of  PN  coding). 

4. 2. 1.7  Parameter  Tradeoffs  in  Waveform  Design 

The  above  discussion  indicates  the  multiplexing  of  all  functions  and  modes  for 
the  case  of  maximizing  system  capacity,  (subject  to  the  constraints  of  designing  against 
intersymbol  interference,  needing  to  provide  guard  times,  and  so  forth),  providing  a 
reasonable  dynamic  range  performance,  reasonable  frame  time,  but  limited  somewhat 
in  operational  flexibility.  Multiple  tradeoffs  are  possible  in  the  system  waveform 
design  with  respect  to  these  factors.  The  more  significant  ones  are  indicated  as 
follows: 
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1.  Operational  Flexibility  Versus  Capacity: 

Without  changing  anything  else  one  can  increase  operational 
flexibility  by  reducing  capacity  by  5  to  10  to  1,  For  example,  the 
NAVSAT  signals  and  the  down  link  communication  satellite  signals  could 
be  overlaid  onto  the  direct  mode  COM  signals  on  a  noncoordinated  basis, 
rather  than  coordinating  them  to  be  on  separate  frequencies  as  indicated 
above.  One  would  also  be  able  to  overlay  the  random  access  IFF/ 
signalling  function  on  a  truly  noncoordinated  basis  rather  than  having  to 
have  system  timing  so  as  to  coordinate  on  a  TDMA  basis.  In  trade,  so 
as  to  reduce  mutual  interference  (the  satellite  signals  would  not  harm 
the  direct  mode  because  of  their  lower  power  level,  but  the  reverse 
would  happen  -  similarly  the  random  access  IFF/signalling  would  not 
harm  the  direct  mode  COM  because  of  its  lower  duty  cycle,  but  the 
reverse  would  happen),  total  system  occupancy  of  FT  slots  must  be 
reduced  from  100  percent  to  the  order  of  10  percent  so  that  error-correction 
coding  can  be  effective  for  data.  Specifically,  this  would  mean  a  reduction 
in  direct  mode  COM  signal  accesses  to  something  like  100. 

2.  Operational  Flexibility  Versus  Intersymbol  Interference: 

By  eliminating  the  10  db  of  PN  coding  protection  against  multipath 
intersymbol  interference  and  substituting  10  more  frequency  slots  per 
signal,  the  improved  operational  flexibility  indicated  in  1  can  be  obtained 
without  a  reduction  in  capacity  (1000  total  for  all  signals).  The  idea  is 
that  by  using  redundancy  in  this  way  one  achieves  10-percent  band  occu¬ 
pancy  without  a  change  in  capacity  -  the  mutual  interference  due  to  non¬ 
coordinated  overlays  thus  can  be  corrected  out.  On  the  other  hand,  this 
scheme  presumes  strong  intersymbol  interference  due  to  multipath  will 
not  occur  (equal  strength  to  a  few  db  down  is  considered  strong).  The 
magnitude  of  this  interference  has  not  been  determined  so  that  any 
assumption  is  tenuous, 

3.  Frame  Time  Versus  Dynamic  Range: 

If  intersymbol  interference  can  be  ignored  as  in  2.  and  frequency 
slots  be  substituted  for  PN  chips,  one  can  also  use  the  frequency-slot 
coding  to  reduce  the  frame  time  for  a  100  time  slot  design.  For  example, 
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0. 2  millisecond  time  slots  could  (be  used  in  the  direct  mode  by  constrain¬ 
ing  the  choice  of  frequencies  to  10  different  ones  in  each  of  the  10 
succeeding  time  slots  that  span  a  2-millisecond  interval  (greater  than  the 
maximum  propagation  delay  in  the  direct  mode).  Slot-overlap  interference 
is  thus  reduced  by  such  coding  whereas  the  frame  time  for  100  time  slots 
is  held  to  20  milliseconds. 

4.  Frame  Time  Versus  Intersymbol  Interference  for  More  Time  Slots: 

By  using  100  time  slots  in  a  frequency-time  frame  for  2400  bps 
direct  COM  signals,  more  terminals  can  be  accommodated  in  a  given 
"near-far"  situation  than  with  10  time  slots.  However,  the  frame  time 
(which  concerns  mainly  system  reaction  time  as  well  as  buffer  storage 
needs)  is  increased  by  10  from  over  20  milliseconds  to  over  200  milli¬ 
seconds.  Sync  difficulties  also  increase  if  typically  it  takes  more  than 
one  burst  to  obtain  reliable  sync,  Also,  the  peak-to-average  power  trade 
requirement  would  now  call  for  a  100  KW  peak  transmitter  rather  than  a 
10  KW  one. 

4.2. 1.8  Civilian  Derivative 

am  m  ~r  t~>  ir 

Table  4-3  indicates  the  modification  in  parameters  for  a  civilian  version  of  the 
coordinated  waveform  design.  Simplification,  and,  therefore,  economy,  is  achieved 
for  this  design  by  eliminating  complicated  randomization  and  coding  techniques  (these 
include  a  coherent,  random  frequency  hop  synthesizer,  PN  generator  and  correlator, 
digital  matched  filter,  sequential  decoder,  and  need  for  a  vocoder).  Also  factors  such 
as  having  to  generate  large  peak  powers  are  eliminated.  In  trade  performance  is 
degraded,  but  not  in  all  regards.  That  is,  discrimination  against  non-Gausslan  inter¬ 
ference  such  as  multipath  and  mutual  interference  is  reduced,  AJ  is  lost,  dynamic 
range  is  more  limited  in  special  cases  because  there  is  no  randomization  of  the  inter¬ 
ference,  and  the  maximum  civilian  capacity  is  more  limited.  However,  comparably, 
high  NAV  precision  and  ILS  precision  can  be  achieved  in  the  presence  of  just  Gaussio^ 
noise.  It  P  noted,  however,  that  given  a  civilian  design  without  auxiliary  aids  such  *3 
an  inertial  platform,  NAV  cannot  be  obtained  in  range  acceleration  situations.  Doppler, 
however,  is  not  a  problem  because  of  the  wide  channel  bandwidths  used. 


Table.4-3.  Parameter  Modifications  for  Civilian  Use 


— n— — — pam— mm*  i  i  i  — — — —— — x—— — - 0m  1  . .  hi  nr  <( 

•  No  Random  FH/TH  j 

Fixed  slot  assignments  for  COM. 

Fixed  pattern  of  4  frequencies  for  NAV  (different  pattern  for 
different  NAVSAT’s  on  FDMA  basis)  -  sidetone  range  -  simple 
frequency  synthesizer. 

Fixed  frequency-time  pattern  for  random  access  IFF'/signalling 
-  patterns  for  different  terminals  assigned  to  uniformly  fill  FT 
space. 

•  For  ILS,  a  6 -foot  accuracy  still  obtained  because  100  MHz  used. 

•  Separate  Civilian  COMSAT  used  for  COM  but  same  NAVSAT’s  are 
possibly  used.  Signals  are  FDMA'd  with  each  other  and  with  direct 
mode. 

•  No  PN  coding  of  digits. 

®  Delta  modulation  (19.2  kbps)  for  voice  instead  of  vocoder  (2400  bps). 

•.  No  sequential  decoding.  For  data,  a  simpler  block  coding  is  used. 

«  Peak-average  power  trade  not  implemented  for  burst  waveform. 

•  With  no  inertial  platform  aid  for  NAV,  range  measurements  are  made 
only  for  no  range  accelerations. 

•  No  digital  matched  filter  for  sync. 


4. 2. 1.9  Functional  Implementation 

Figure  4-19  and  4-20  give  transmitter  and  receiver  block  diagrams  for  the 
basic  aircraft  transceiver  showing  only  aspects  that  are  pertinent  to  the  waveform  con¬ 
cepts  under  discussion  here.  In  particular,  they  tend  to  emphasize  the  equipment  time¬ 
sharing  concept  for  the  different  functions  and  modes.  In  the  transmitter  it  is  seen 
that  most  of  the  major  blocks  are  timeshared  for  the  COM  and  IFF  transmissions. 

Items  timeshared  include  the  coherent  frequency  hop  synthesizer,  RF  power  amplifier 
and  antenna,  IF  amplifiers,  PNG,  DPSK  modulator,  and  error’  correction  coder.  One 
can  even  timeshare  the  pseudorandom  key  generator  if  desired  (and  if  security  allows). 
A  time-slot  control  program  controls  the  timesharing  of  the  equipments.  It  is  further 
required  that  the  COM  and  IFF  data  from  the  corresponding  terminal  devices  be  buf¬ 
fered  and  converted  in  format,  of  course.  The  timesharing  of  equipments  indicated 
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Figure  4-19.  Transmitter  (FH/PN/TH). 

in  Figure  4-19  also  applies  to  the  satellite  mode  as  well  as  the  direct  mode.  That  is, 
it  is  intended  that  there  be  one  of  a  kina  of  each  equipment  shown  in  Figure  4-19  whether 
one  goes  by  satellite  or  direct  (exceptions  may  be  different  antennas  and  possible  RF 
tuning).  Furthermore,  it  is  feasible  to  transmit  COM,  say  in  the  direct  mode,  while 
transmitting  an  IFF  response  in  the  satellite  mode  (simultaneity  is,  of  course,  defined 
over  a  given  interval  of  time  since  we  are  timesharing  equipments).  The  time  slotting 
in  the  waveform  design  concept  (1/10  for  COM,  and  a  separate  slot  for  IFF)  allows  this. 
Coordination  of  direct  mode  timing  with  the  satellite  mode  timing  is  not  required  at  tho 
transmitter  for  this  purpose.  The  reason  is  the  transmitter  has  multiple  slot  options 
to  send  IFF  and  can  adjust  this  to  avoid  overlap  with  this  COM  transmission.  In  the 
receiver  of  Figure  4-20,  It  is  seen  that  timesharing  of  one  each  of  a  multiple  number  of 
blocks  (tunable  RF  front  end,  coherent  frequency  hop  synthesizer,  PNG,  linear  PN 
correlation,  digital  matched  filter  for  sync,  DPSK  demodulation,  and  error  decoding) 
is  allowed  for  COM,  NAY,  and  IFF  because  of  the  same  aspects  of  time  slotting  in  the 
waveform  design  concept.  One  could  be  receiving  COM  in  the  direct  mode,  and  still 
get  a  NAV  fix  from  the  satellite  mode  (one  of  course  shares  the  receiver  for  the 


Figure  4-20.  Receiver  (FH/PN/TH) 


4  NAVSAT  signals  sequentially,  and  for  the  portion  of  time  not  overlapping  the  instan¬ 
taneous  COM  slot,  and  the  IFF  function  slot,  as  discussed  previously).  Similarly  one 
can  get  IFF  queries  from  either  mode  whereas  COM  is  being  received  irom  the  other 
mode.  Coordinated  timing  of  the  direct  mode  with  the  satellite  downlink  signal  is 
required  for  this  purpose  (by  using  the  satellite  as  a  central  time  reference  for  all 
modes,  this  becomes  feasible).  This  is  unlike  the  case  at  the  transmitter  where  such 
coordination  of  timing  is  not  required.  Alternately  just  a  duplication  of  processors  is 
required  if  such  timing  coordination  does  not  exist. 


Also  indicated  in  the  receiver  diagram  of  Figure  4-20  are  processing  functions 
not  discussed  thus  far,  but  which  are  important  parts  of  the  system  waveform  concept 
here.  Specifically,  a  digital  matched  filter  is  indicated  as  an  aid  to  sync  acquisition 
for  COM,  NAV,  and  IFF,  while  linear  PN  correlation  detection  is  used  after  rapid 
sync  with  the  d.  m.  f.  The  reason  is  that  a  d  m.  f.  will  have  inherent  implementation 
losses  (under  strong  CW  and  other  interference);  e.g. ,  3  to  7  db  or  more  depending  on 
the  complexity  of  implementation.  This  means  any  of  reduced  system  processing  gain 
or  reduced  capacity  for  COM,  and  longer  IFF  messages  to  allow  longer  detection  time, 
if  one  also  used  the  d.  m.  f.  after  sync  acquisition.  Also  coherent  sidetone  ranging,  for 
precise  NAV,  could  not  be  used  since  RF  phase  information  which  it  requires  (after 
removal  of  PN  modulation)  is  not  available  out  of  a  digital  matched  filter.  However, 
the  d.  m.  f.  performs  well  as  an  aid  to  sync  acquisition  for  all  the  functions.  The  imple¬ 
mentation  loss  is  taken  care  of  by  allowing  a  corresponding  increased  sync  processing 
time.  Instead  of  seeking  to  acquire  in  one  transmitted  bit  interval  (this  is  20  micro¬ 
seconds  for  a  50  kbps  rate  in  a  slot),  one  allows  for  acquisition  ideally  in  100  micro¬ 
seconds  (=  5  x  20  microseconds).  Actually  to  allow  for  a  confirmation  test  and  increased 
reliability,  200  microseconds  or  longer  may  be  needed  for  sync  acquisition.  Consider¬ 
ing  that  a  slot  contains  63  bits,  this  syne  acquisition  time  is  sufficiently  fast,  even  for 
IFF,  so  as  to  acquire  sync  and  also  get  information  in  one  slot  interval  of  2  milliseconds. 
Under  multipath  fading  conditions  adequate,  power  budget  should  exist  in  the  direct  mode 
to  allow  sync  acquisition  in  the  same  time.  (In  the  satellite  mode  for  which  there  are 
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filter  actually  would  not  be  necessary, )  For  reacquisiiion,  however,  under  limited 
power  budget  situations,  and  for  special  burst  error  situations,  successive  d.m.f.  syne—  - 
attempts  could  be  made.  In  fact,  multiple  2  millisecond  Intervals  can  be  used.  The 
implementation  of  the  d,  m.  f. ,  when  used  as  a  sync  aid  au  in  Figure  4-20  involves  a 
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1  MHz  clock  rate  and  100  PN  chip  bits  of  storage,  all  of  which  is  within  the  present 
state  of  the  art  and  is  amenable  to  LSI  implementation  (sec  Section  5.2.4  ), 

Another  key  processing  function  shown  in  Figure  4-20  is  that  of  phase-coherent, 
frequency-hopped,  sidetone  ranging.  This  will  be  discussed  further  in  subsequent 
paragraphs.  Suffice  to  say  here  that  it  is  the  means  of  getting  more  precise  ranging 
than  that  possible  with  1  MHz  PN,  and  yet  be  able  to  do  it  with  the  same  channelized 
signal  structure  as  for  all  the  other  CNI  functions.  Basically,  the  scheme  involves 
frequency-hopping  the  tone  modulation  of  the  carrier  (with  PN  modulation  a  1  MHz 
channel  bandwidth  is  occupied  for  each  line  of  the  modulated  signal  spectrum)  over  the 
full  100  MHz  of  system  bandwidth.  At  the  receiver  after  dehopping  of  the  tone  (and 
also  PN  decorrelation  of  the  signal)  the  phase  shift  is  measured  to  get  range.  The 
unknown  phase  shift  that  is  measured  will  be  due  to  just  propagation  delay  since  the 
instantaneous  tone  generated  by  the  frequency  hop  synthesizer  is  made  to  have  a  deter¬ 
ministic  phase  (a  phase-coherent,  frequency  hop  synthesizer  is  used  in  both  the  trans¬ 
mitter  and  receiver  of  Figures  4-19  and  4-20,  respectively).  The  nhase  shift  measured 
due  to  propagation  delay  will  yield  precise  range  down  to  better  than  6  foot  accuracy 
because  the  tone  modulation  is  hopped  over  100  MHz. 

Figure  4-21  shov/s  the  block  diagram  of  the  corresponding  COMSAT  that  is 
suggested  as  part  of  this  waveform  concept.  It  indicates  a  channelized,  processing 
satellite  that  involves  10  frequency  channels  (each  100  KHz  corresponding  to  the  wave¬ 
form  digit  rate),  frequency  dehopping  and  rehopping,  and  PN  decorrelation  and  recor¬ 
relation.  Given  100  simultaneous  COM  accesses  through  the  satellite,  the  coordination 
scheme  is  to  be  a  uniform  loading  over  the  10  time  slots  for  COM,  so  that  one  has  10 
accesses,  each  on  a  different  frequency,  in  each  of  the  time  slots.  The  10  IF  filter 
frequency  channels  in  the  satellite  also  contain  limiting  so  as  to  assure  equal  satellite 
power  apportionment  for  each  channel.  In  this  way,  that  is  with  the  combination  of 
uniform  time  slot  loading  and  power  control  in  each  frequency  channel,  efficient  utili¬ 
zation  of  satellite  power  occurs.  Since  it  is  power  starved  this  is,  of  course,  an 
important  consideration.  Now  the  frequency  dehopping  and  PN  decorrelation  in  the 
satellite  is  to  achieve  maximum  processing  gain  against  an  uplink  jammer  before  he 
can  grab  satellite  power.  The  dehopping  of  any  given  COM  signal  from  100  channels 
to  one  in  the  satellite  gives  20  db  discrimination,  whereas  PN  decorrelation  gives 
another  10  db.  It  is  presumed  that  the  aircraft  transmitter  can  realize  an  almost  13  db 
peak-to-average  power  trade  for  being  on  for  1. 25  millisecond  in  every  24  milliseconds 
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Figure  4-21.  Satellite  Processing  (FH/PNAH)' 


(on  the  average  and  considering  IFF  function  interleaving)  giving  13  db  more  of  dis¬ 
crimination  against  an  uplink  jammer  who  cannot  follow-  our  time  slot  permutation 
strategy.  The  total  waveform  discrimination  thus  achieved  against  an  uplink  jammer 
who  is  in  the  same  satellite  antenna  beam,  and  who  would  increase  his  effectiveness 
by  grabbing  satellite  power  in  a  power-starved  system,  is  43  db.  It  is  noted  that  this 
is  3  db  less  than  the  ultimate  received  link  processing  gain  because  a  rate- 1/2  error 
correction  coding  is  used,  but  decoding  is  not  included  in  the  satellite.  The  imple¬ 
mentation  in  Figure  4-21  indicates  just  one  frequency  synthesizer  to  do  both  dehopping 
and  rehopping  (the  retransmitted  downlink  signal  must  still  be  spread  spectrum),  and 
just  one  PNG  to  control  the  frequency  synthesizer  and  do  decorrelation  plus  recorrela¬ 
tion.  This  is  for  simplification  in  the  satellite.  Though  this  means  that  all  aircraft 
transceivers  must  synchronize  to  these  common  devices,  the  most  stringent  require¬ 
ment  is  only  that  relative  to  a  1  MHz  clock  PNG.  A  timing  sync  accuracy  (1/20  of  a 
PN  chip)  should  be  both  adequate  and  feasible  for  transmissions  to  the  satellite. 


4, 2. 1. 10  A  Sidetone  Ranging  Scheme  in  Coordinated  FH/PN/TH 


In  considering  a  design  for  precision  ranging  we  note  that  the  duty  cycle  of  the 
signal  used  for  precision  navigation  should  be  sufficiently  high  to  meet  the  need  for 
high  update  rates  (two  to  ten  per  second)  and  the  required  extraction  of  velocity  infor¬ 
mation  as  well  as  position  information  with  high  accuracy.  This  is  not  a  great  burden 
since  the  base  points  of  a  precision  navigation  system  are  generally  associated  with 
control  centers  which  are  the  terminus  of  large  numbers  of  communication  feedlines. 
Thus,  if  we  exploit  the  fact  that  range  and  range  rate  information  can  be  extracted  from 
the  underlying  FH/PN  signal  structure  without  concern  for  the  data  which  is  modulated 
onto  it,  we  can  enjoy  the  advantage  of  having  simultaneous  navigation  and  communication 
use  of  the  same  total  signal  (underlying  structure  plus  data  modulation)  thereby  gaining 
the  desirable  high  duty  factor  for  the  navigation  function  without  decreasing  the  number 
cf  time-frequency  slots  available  for  communication. 

A  solution  to  the  precision  navigation  problem  which  appears  extremely  attrac¬ 
tive  is  the  use  of  coherent  frequency  hopping  in  the  same  coordinated  FH/PN/TH 
structure  described  earlier.  By  requiring  the  phase  of  the  hopping  carrier  to  be  deter¬ 
ministic  (i.  e. ,  reproducible  at  the  transmitter  and  receiver),  the  effective  bandwidth 
of  the  signal  is  increased  from  the  order  of  1  MHz  (which  is  the  short  term  bandwidth 
stemming  from  the  PN  rate)  to  the  order  of  100  MHz  (which  is  the  total  excursion  of 
the  hopping).  Since  the  accuracy  of  range  determination  varies  inversely  with  band¬ 
width,  we  have  at  once  a  two  order  of  magnitude  improvement.  Furthermore,  since 
we  can  coherently  integrate  over  more  than  one  slot  time,  some  additional  improvement 
is  available  beyond  that  available  from  smoothing  independent  measurements  obtained 
from  integration  over  individual  time  slots. 

Before  plunging  ahead  with  the  development  and  analysis  of  a  fully  coherent  fre¬ 
quency  hopping,  we  are  well  advised  to  consider  the  practical  difficulty  of  achieving 
long  coherence  times  at  microwave  frequencies  due  to  the  inherent  noise  in  oscillators. 
Accordingly,  it  is  best  to  assume  that  while  coherent  synthesis  of  the  hopping  offset 
frequency  (over  a  100  MHz)  band  may  be  substantially  achievable,  the  microwave 
carrier  on  which  it  is  conveyed  will  not  be  phase  stable  (remaining  consistent  within  a 
radian)  over  more  than  a  few  milliseconds. 

To  aid  in  the  explanation  of  this  precision  navigation  concept  we  introduce  the 
following  numerical  example.  We  suppose  that  a  precision  navigation  transmitter, 
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which  is  also  a  communication  transmitter,  may  be  allocated  an  on-time  of  1/8  of  a 
channel.  In  particular  we  presume  that  it  may  transmit  in  two  successive  2-millisecond 
time  slots  eve  ry  32  milliseconds.  It  is  emphasized  that  these  slots  are  not  "consumed" 
by  the  precision  navigation  function  since  they  may  be  simultaneously  used  for  data 
transmission.  Should  the  traffic  density  be  greater  for  this  transmitter,  additional 
slots  may  be  lifted;  the  regular  pair  of  slots  every  32  milliseconds  is  a  minimum. 

Consider  that  the  transmitted  signal  is  constructed  by  the  combination  of  (1)  a 

microwave  carrier,  (2)  a  frequency  hopping  subearrier,  (3)  a  pseudonoise  sequence, 

and  (4)  data  modulation.  In  this  scheme  the  latter  three  are  derived  from  a  common 

clock.  For  example,  the  clock  might  be  at  1  MHz  which  is  multiplied  by  a  factor  of 

I  to  100  to  obtain  the  subcarrier.  The  clock  directly  triggers  the  PN  sequence,  which 

is  divided  by  10  to  become  the  100  KHz  data  clock  and  further  divided  to  give  word  and 

frame  timing.  The  synthesis  of  the  subcarrier  is  done  in  such  a  way  that  regardless 

of  the  multiplication  factor  (supplied  by  the  pseudorandom  frequency  hop  programmer) 

* 

the  resulting  sinusoid  has  a  zero  crossing  coincident  with  the  1  MHz  pulse.  At  the 
receivers  in  the  ordinary  process  of  signal  detection  by  extracted  reference  demodula¬ 
tors,  the  phase  of  the  carrier  is  effectively  measured.  In  this  case  the  "carrier"  fre¬ 
quency  is  the  sum  of  the  microwave  carrier  and  frequency  and  the  frequency  hopped 
subearrier  frequency.  By  comparing  the  measured  phase  in  tfcc  two  successive  slots, 
the  difference  i/i  time  between  the  1  Mpps  clock  in  the  receiver  and  that  at  the  trans¬ 
mitter  delayed  by  the  propagation  time  can  be  inferred  with  extreme  accuracy. 


t 


i 

l 

s 

f 

i 

i 

■■ 

i 


The  above  description  is  now  somewhat  more  formalized.  Let 


uj  c  =  carrier  frequency 
a)  j  =  offset  frequency  during  the  first  slot 
u2  =  offset  frequency  during  the  second  slot 
r  =  time  of  propagation 
0  =  an  unknown  phase  of  the  carrier 
e  =  error  in  receiver's  estimate  of  r 


A  deviation  from  this  condition  is  acceptable,  provided  it  is  systematic  and  is 
reproduced  at  the  synthesizer  in  the  user  receivers. 
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Then  the  phase  difference  between  the  locally  generated  carrier  and  the  incoming 
carrier  during  th  ••  first  and  second  intervals  are 

[{wc  +  o  ft  -  r)  +  P]  -  [(wc  +  c^)  (t  -  r  -  e)I 

*  *\ 
and 

t(«c  +  Wg)  (t  -  r)  +  W  -  [(wc  +  a>2)  (t  -  t  -  e)] 

The  difference  between  these  two  phase  measurements,  subject  to  the  assumption  of 
phase  stability  of  the  carrier  (the  constancy  of  {J),  is  then 

(<*>1  - 

Since  the  offset  frequencies  are  known  from  the  hopping  program,  e  may  be  readily 
found  and,  with  suitable  filtering,  fed  back  to  adjust  the  phase  of  the  1  MHz  clock. 

g 

Since  («  ^  -  w  2)  can  be  a  very  large  number,  2rr  x  100  x  10  ,  relatively  coarse  measure¬ 
ments  of  the  differential  phase  can  yield  estimates  of  e  good  to  a  fraction  of  a  nano  ¬ 
second. 


One  way  of  characterizing  this  scheme  is  to  consider  that  it  is  a  tone  ranging 
system,  with  the  difference  that  in  usual  tone  ranging  systems  the  tones  are  all  available 
simultaneously,  here  they  are  available  sequentially  in  a  pseudorandom  order. 

While  quasi-quantitative  consideration  of  this  scheme  is  encouraging,  there 
are  certain  aspects  of  the  signal  extraction  and  processing  which  are  difficult  to  analyze. 
The  size  of  the  frequency  jump  between  the  two  slots  affects  the  system  sensitivity  and 
appears  as  a  coefficient  in  the  loop  gain  of  the  receiver  range  tracking  loop.  Since  this 
is  a  random  variable,  there  are  some  questions  of  stability  and  loop  dynamics.  Because 
of  this  and  other  difficulties,  it  was  decided  to  postulate  a  receiver  mechanization  and 
simulate  its  behavior  on  a  digital  computer  rather  than  to  attempt  a  closed  form  solu¬ 
tion.  Section  7.6.4  of  Volume  II  presents  the  simulation  results, 

4. 2. 1. 10, 1  Mechanization 

The  transmitter  for  this  coherent  FH/PN/TH  ranging  system  is  block  diagram¬ 
med  in  Figure  4-22.  The  master  timing  oscillator  is  to  be  a  very  stable  source  and 
synchronized  to  corresponding  oscillators  in  the  other  emitters  if  a  hyperbolic  pre¬ 
cision  navigation  system  is  used.  This  timing  source,  conveniently  at  1  MHz,  directly 
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Figure  4-22'.  Transmitter 


runs  the  pssudcnoise  sequence  generator  which  produces  the  stream  for  direct  sequence 
phase  keying  of  the  hopped  carrier.  The  same  source,  counted  down,  synchronizes  the 
operations  at  the  data  input  and  error  encoding.  The  counted  down  timing  source  also 
provides  triggers  for  another  pseudorandom  sequence  generator  which  produces  the 
frequency  hopping  program.  The  synthesizer  which  produces  the  hopping  subcarrier 
may  be  regarded  as  a  variable  frequency  multiplier  which  multiplies  the  master  1  MHz 
by  an  integer  (1  to  100)  produced  by  the  pseudorandom  hopping  programmer.  The 
direct  sequence  is  logically  added  Mod-2  to  the  encoded  data  and  the  result  PSK  modula¬ 
tes  the  subcarrier.  This  signal  is  then  translated  to  the  microwave  and  radiated. 

A  similar  conceptual  diagram  for  the  receiver  is  given  in  Figure  4-23.  After 
translation  down  from  microwave,  xhe  hopping  subcarrier  is  removed  by  n  locally 
generated  replica.  This  is  formed  in  the  same  way  as  at  the  transmitter,  except  that 
the  master  timing  oscillator  is  voltage  controlled.  After  de-hopping,  the  direct 
sequence  PN  is  removed  by  multiplication.  The  residue  of  the  signal  is  now  the  data 
modulation  on  an  IF  carrier  whose  phase  is  dependent  on  any  errors  in  timing.  A 
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Figure  4-23.  Receiver 


Costas  loop  or  equivalent  can  detect  the  information  and  incidentally  provides  a  filtered 
carrier.  The  phase  difference  of  this  filtered  carrier  in  the  successive  slots  can  be 
measured  and,  making  suitable  adjustment  for  the  size  and  sign  of  the  frequency  step, 
an  error  signal  is  developed  for  correction  of  the  master  timing-  oscillator. 

Synchronization,  not  indicated  explicitly  in  the  block  diagram,  can  proceed  as 
follows.  The  master  timing  oscillator  of  the  receiver  is  time  and  frequency  set  at 
regular  intervals,  typically  for  an  aircraft  just  prior  to  take-off.  When  trying  to 
acquire  a  signal,  this  oscillator  is  slewed  back  and  forth  about  its  regular  rate  so  that 
the  frequency  hop  and  direct  sequence  slew  back  and  forth  in  time.  When  the  timing 
comes  within  the  wi  dth  of  the  correlation  peak  of  the  PN  direct  sequence,  an  increase 
in  energy  will  be  observed  at  the  Costas  loop,  or  an  auxiliary  detector  at  that  point, 
(Alternately,  a  digital  matched  filter  enables  faster  synchronization.)  The  correlation 
peak  for  a  1  Mbps  sequence  is  a  triangle,  2  microseconds  wide  at  the  base.  Upon 
detecting  sync,  the  slew  is  discontinued  and  replaced  by  a  small  dither  on  the  master 
oscillator  which  varies  the  timing  slightly  so  as  to  produce  a  steering  signal  to  center 
the  timing  on  the  correlation  peak.  After  a  short  smoothing  period,  thin  centering  can 
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readily  be  made  good  to  within  about  0. 1  microsecond.  The  control  loop  may  then  be 
closed  to  utilize  the  error  signal  from  the  hopping  in  place  of  the  energy  variation  due 
to  the  dither  and  die  timing  loop  will  then  pull  in  to  a  fraction  of  a  nanosecond.  Sec¬ 
tion  7. 6.4.4  of  Volume7 n  discusses. the  loop  behavior  in  somewhat  more  detail. 

An  alternate  implementation  of  the  coherent  tracking  loop  potentially  mtvre  suited 
to  time  sharing  is  now  described.  Essentially,  the  coherent  hopper  is  operated  from  a 
fixed  frequency  reference  aid  the  requisite  phase  shift  Awe  is  introduced  at  another  con¬ 
venient  point  in  the  receiver.  This  implies  that  the  time  error  is  carried  as  an  analog 
or  digital  variable  which  is  available  from  the  processing  circuitry  separately  for  each 
signal  to  be  tracked.  This  time  error  is  to  be  multiplied  by  the  selected  frequency  off¬ 
set  Aw.  Figure  4-24  shows  the  essentials  of  ons  possible  receiver  processing  approach 
wherein  the  PN  clock  is  derived  by  phase  shifting  the  reference  by  the  indicated  time 
error  e,  and  the  hopper  output  is  phase  shifted  by  Awe  via  a  digital  mechanization. 

Figure  4-24  may  be  compared  with  Figure  4-23, 


whim 

UNCLASSIFIED 


Figure  4-24,  Digital  Phase  Tracking, 
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The  quantization  required  for  the  digital  phase  shifting  of  the  hopper  output  is 
now  examined.  A  particularly  simple  implementation  concept  would  utilize  the  quadri- 
phase  PN  modulator  already  provided  to  quantize  into.  90  degree  sectors  by  a  logic 
transformation.  Thus,  the  additional  complexity  for  phase  shifting  is  negligible. 

The  maximum  error  due  to  the  quantizing  (prorv-vrjy  done)  is  +  45  degrees,  and 
the  quantizing  may  be  presumed  to  introduce  phase  jitter  which  can  be  randomized  over 
successive  hop  intervals.  Thus,  if  the  jitter  is  uniformly  distributed  over +  45  degrees, 
the  rms  value  is  26  degrees,  corresponding  to  {2~ x  26°  =  37°  for  the  rms  value  of  the 
phase  difference  between  pairs  of  successive  hops.  If  the  average  frequency  hop  is 
taken  to  be  roughly  50  MHz  for  a  100  MHz  total  bandwidth,  this  rms  jitter  corresponds 
to  approximately  2  feet.  It  may  be  asserted  that  averaging  over  several  successive 
hops  will  reduce  the  error  of  quantizing  to  a  negligible  value. 

I 

The  logic  transformation  for  digital  phase  shifting  may  be  understood  by  noting 
that  two  PN  chips  are  needed  for  quadriphast  modulation  to  select  one  of  four  possible 
phases,  and  depending  on  the  quantized  value  of  Awe,  an  appropriate  rotation  of  the 
coordinate  system  is  to  be  made. 

4. 2. 1. 10. 2  Active  Ranging  for  Landing  Mode 

A  concept  potentially  useful  particularly  for  the  landing  mode  involves  active 
ranging  from  the  user  aircraft  to  a  transponder  at  the  ground  site.  This  concept  differs 
significantly  from  range-difference  schemes  which  lead  to  hyperbolic  intersecting  con¬ 
tours  and  consequent  accuracy  reduction  due  to  geometry.  With  active  ranging,  a 
measurement  of  range  is  obtained  directly,  and  accuracy  reduction  is  eliminated. 

If  the  transponder  operates  as  an  instantaneous  f1  -  fg  wideband  repeater,  in 
similarity  with  the  satellite  communication  repeater,  the  range  measurement  scheme 
is  evident,  and  the  accuracy  is  determined  by  the  aircraft  equipment  characteristics. 
However,  f^  -  fg  operation  is  not  convenient  for  the  direct  mode,  which  includes  land¬ 
ing  as  a  compatible  mode.  For  waveform  concepts  using  time  slotting,  a  -  t2 
operation  may  be  envisioned  as  an  alternate.  Now  the  transponder  necessarily  incor¬ 
porates  memory  in  its  implementation. 

The  FH/PN/TH  coordinated  waveform  utilizes  coherent  frequency  hopping  for  a 
more  accurate  time  of  arrival  measurement.  The  t^  -  tg  transponding  operation  should 
be  compatible  with  this.  The  purpose  of  this  discussion  is  to  show  the  conceptual 


feasibility  of  such  transponder  implementation,  at  least  for  the  case  where  any  one 
signal  interrogation  is  to  be  handled  at  any  one  time  in  a  frequency  slot.  For  the  dis¬ 
cussion,  the  transponder  will  be  presumed  to  respond  independently  in  the  respective 
frequency  slots  provided,  and  these  slots  are  hopped  in  accordance  with  the  assigned 
code  pattern. 

In  time  slot  t,  the  interrogating  si-Tial  is  received  on  the  assigned  frequency. 

A  phase  lock  loop  (or  Costas  loop)  tracks  the  carrier  phase  as  received  in  the  trans¬ 
ponder  and  arrives  at  a  best  estimate  at  the  end  of  the  time  slot.  The  phase  lock  loop 
is  presumed  to  retain  this  phase  estimate  until  time  slot  tg.  (In  an  analog  phase  lock 
loop  with  high  gain  this  can  be  implemented  by  holding  the  drive  to  the  loop  filter  at 
zero  after  slot  ^  has  ended  and  the  received  signal  has  disappeared. )  It  is  assumed 
that  retransmission  by  the  transponder  occurs  in  time  slot  tg  on  the  same  frequency. 
Provided  that  the  frequency  slot  spacing  is  exactly  the  reciprocal  of  the  time  slot 
duration,  the  delay  of  an  integral  number  of  time  slots  simply  introduces  a  multiple  of 
2rr  phase  shift  on  the  carrier.  Hence,  there  is  no  inherent  phase  error  introduced  by 
this  transponding  process  to  prohibit  application  of  coherent  frequency  hopping  to 
achieve  accurate  range  measurement. 

In  the  above  discussion,  carrier  Doppler  hac  been  tacitly  omitted,  and  the 
received  frequency  is  presumed  exactly  correct  at  the  transponder.  This  will  require 
the  aircraft  to  implement  an  offset  of  its  interrogating  signal  to  arrive  at  the  trans¬ 
ponder  with  zero  Doppler.  The  requisite  accuracy  may  be  estimated  from  the  time 
delay  involved.  For  example,  with  a  delay  of  one  millisecond,  described  in  Section 
4.2. 1.3,  an  uncompensated  Doppler  offset  of  500  Hz  will  introduce  a  phase  error  of  x, 
and  this  ic  the  bound  for  an  unambiguous  phase  measurement.  Thus,  a  Doppler  error 
of  roughly  100  Hz  is  suggested  as  the  maximum  with  one  millisecond  delay;  this  corres¬ 
ponds  to  an.  allowed  uncompensated  velocity  error  of  hbout  50  feet/second  at  2  GHz.  In 
addition,  with  this  velocity  error,  random  frequency  hopping  over  the  100  MHz  signal 
bandwidth  introduces  a  random  phase  jitter  on  the  measurement  with  a  peak  of  2  degrees 
for  a  delay  of  one  millisecond  in  the  transponder.  This  jitter  is  acceptable  since  it 
can  cause  a  maximum  range  measurement  error  of  0, 1  foot,  at  most, 

4. 2. 2  TH/FH/PN  HYBRID- COORDINATED  WAVEFORM 

The  direct  mode  of  operation  for  CNI  lias  several  characteristics  that  make  a 
noncoordinated  waveform  an  interesting  alternative  candidate'  io  the  coordinated 
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structure  despite  the  necessarily  reduced  total  multiple  access  capability.  The  direct 
mode  of  operation  -  consisting  of  communication  and  IFF  -  may  be  characterized  by  a 
large  number  of  subscribers,  operating  on  low  duty.  These  subscribers  will  want 
immediate  access  and  will  have  short  transmission  times.  This  mode  of  operation  pre¬ 
sents  problems  relative  to  coordinated  operation.  First,  the  coordination  itself  is 
cumbersome.  Operational  doctrine  may  be  difficult  to  establish  and  maintain.  Further, 
fully  dedicated  addresses  used  only  intermittently  make  bandwidth  usage  very  ineffi¬ 
cient.  For  instance,  if  a  100  MHz  bandwidth  system  employs  an  efficient  coordinated 

3 

TDMA  whose  users  transmit  at  a  4. 8  x  10  bit  per  second  symbol  rate,  20, 000  users 
can  be  supported.  If,  however,  these  are  dedicated  .addresses  whose  users  operate 
one  percent  of  the  time,  the  average  occupancy  for  the  100  MHz  bandwidth  is  200  users. 
The  freedom  from  coordination  constraints  and  the  equalizing  effects  of  possible  low 
usage,  then,  Lead  to  further  consideration  of  noncoordlnated  waveofrms  particularly 
for  the  direct  mode.  Definition  of  a  TH/FH/PN  hybrid-coordinated  waveform  is 
presented  below,  which  uses  coordination  in  the  remote  mode  only. 

4, 2. 2.1  Basic  Waveform 

The  basic  waveform  to  be  employed  in  the  uncoordinated  system  uses  a  60 

••3 

microsecond  pulse  duration  and  a  duty  factor  of  4, 8  x  10  resulting  in  a  12. 5  milli¬ 
second  frame  time.  The  60  microsecond  pulse  contains  60  signalling  digits  (for  the 
2.4  Kbit  per  second  data  rate  with  rate  one-half  ceding).  The  pulse  is  further  modulated 
by  a  10  Mbps  pseudonoise  sequence  making  the  total  bandwidth  occupied  by  the  wave¬ 
form  10  MHz,  There  are,  thus,  ten  separate  frequency  channels  in  the  100  MHz 
bandwidth. 

Frame  synchronization  exists  to  the  extent  that  all  users  employ  a  frame 
synchronized  to  the  satellite.  Transmissions  from  each  user,  then  are  timed  so  that 
they  arrive  at  the  satellite  at  a  known  time  relative  to  satellite  time.  Aside  from 
frame  timing,  however,  the  direct  users  are  entirely  uncoordinated. 

Each  address  determines  a  burst  time  and  a  frequency  independently  during 
each  frame  time.  There  will  be  times  when  the  transmissions  of  two  or  more  users 
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are  superimposed  during  any  single  frame  time.  Since  the  occupancy  of  each  frame 
is  independent  of  the  others,  the  interference  will  be  independent  from  pulse  to  pulse; 
interleaving  will  be  employed  to  combat  the  burst  like  interference. 

The  rationale  for  this  waveform  is  as  follows.  To  relieve  the  restriction  of 
requiring  complete  coordination  in  the  high  activity  direct  mode,  a  low  duty  factor 
waveform  is  chosen  to  provide  a  significant  co-channel  occupancy  capability.  The 
pulse  duration  is  made  somewhat  long  to  reduce  the  effects  of  channel  dispersion 
causing  pulse  stretch  and  multiple  pulses.  The  duty  factor  then  results  from  a  con¬ 
sideration  of  synchronization,  data  storage,  and  multiple  access.  The  first  two  factors 
are  enhanced  by  higher  duty  factors,  the  latter  by  lower  ones.  The  final  design  then 
becomes  a  compromise  between  these  factors. 


The  pseudonoise  waveform  is  superimposed  on  the  waveform  for  two  reasons. 
First,  it  provides  protection  against  multipath  caused  by  intersymbol  interference. 
Secondly,  it  provides  a  waveform  of  sufficient  bandwidth  to  provide  the  navigation 
capability  in  a  straightforward  manner.  In  addition,  the  frequency  diversity  is  used 
to  provide  resistance  to  signal  fading  and  to  make  use  of  the  full  bandwidth  available. 
The  channel  will  therefore  be  naturally  extendable  in  10  MHz  intervals  -  which  need 
not  be  contiguous. 

The  multiple  access  capacity  in  the  direct  mode  is  computed  in  Section  7.3.4. 1 
of  Volume  II  to  be  approximately  200  simultaneous  COM  and  IFF  signals  under  the 
worst-case  assumption  of  strong  signals  but  with  the  time -frequency  orthogonality  of 
2000  slots  being  maintained.  Up  to  20  nearby  (very  strong)  transmitters  can  be  active 
considering  the  200  time  slots  only  and  ignoring  any  benefits  of  receiver  frequency 
selectivity.  This  multiple  access  capacity  is  based  on  allowable  0, 05  probability  of 
error  per  digit. 


The  antijam  pei'formance  against  broadband  jamming  was  computed  to  be 
J/S  =  39  db  in  the  absence  of  simultaneous  signals.  There  is  a  tradeoff  between  multi¬ 
ple  access  and  antijam.  Also,  when  a  partial  band  jamming  strategy  is  postulated,  the 
maximum  tolerable  J/S  is  reduced  several  decibels.  The  precise  amount  depends  on 
the  data  modulation  scheme;  for  DPSK  the  J/S  is  reduced  to  approximately  37  db  with 
a  jam  strategy  hitting  about  0. 3  of  the  slots.  See  Section  7.3.1  of  Volume  II  for 
further  discussion  on  this  point. 
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In  the  remote  mode,  the  multiple  access  capacity  v/ith  a  noncoordinated  wave¬ 
form  is  significantly  degraded  in  a  power-starved  satellite  channel,  as  discussed  in 
Section  7.3.5  of  Volume  H,  For  this  reason,  the  waveform  will  be  presumed  coor¬ 
dinated  for  the  remote  mode.  This  leads  to  a  relatively  simple  satellite  repeater  con¬ 
figuration,  as  will  be  seen. 

The  CNI  system  must  serve  a  multiplicity  of  functions,  each  of  which  has  at 
least  slightly  different  criteria  for  performance.  The  basic  waveform  -  a  60  micro¬ 
second  pulse  band  spread  over  10  MHz  and  hopped  among  10  channels  at  a  duty  factor 
-3 

of  4. 8  x  10  -  is  used,  unmodified,  for  all  functions.  In  the  following,  the  application 

of  this  waveform  to  each  of  the  functions  is  described,  and  operational  block  diagrams 

/ 

presented  showing  the  basic  functional  implementation  of  the  system.  The  description 
shows  the  high  degree  of  commonality  that  is  obtained  in  the  implementation  for  the 
various  functions. 

4. 2. 2.2  Direct  Mode 

It  is  assumed  that  in  the  direct  mode  an  aircraft  would  have  to  guard  two  voice 
channel  nets  and  participate  in  a  data  channel  net.  The  data  channel  will  be  considered 
continuous  -  so  that  synchronization  is  not  a  problem  -  and  the  voice  channels  are  inter¬ 
mittent,  Only  a  single  channel  transmission  is  required;  however,  the  transmission 
must  not  interfere  with  the  reception  of  data  and  navigation  information. 

Figure  4-25  shows  the  aircraft  transmitter  block  diagram.  Two  data  informa¬ 
tion  sources  are  shown,  a  voice  source  and  a  data  source.  The  data  source  represents 
the  input  from  both  the  data  link  and  the  IFF  responses.  In  the  diagram,  the  data  source 

is  shown  as  being  encoded  whereas  the  voice  source  is  transmitted  without  coding.  The 
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data  source  is  encoded  because  the  required  10  bit  error  rate  can  be  obtained  signifi¬ 
cantly  more  efficiently  using  coding.  The  voice  information,  if  it  is  assumed  that  2400 

bit/second  vocoded  voice  is  to  be  transmitted,  can  tolerate  a  2%  or  higher  error  rate 

* 

without  significant  reduction  in  quality.  Therefore,  no  encoding  is  required  in  the 
voice  channel.  For  commonality,  the  voice  channel  may  be  presumed  to  use  4. 8  fcixo- 
bits/second  data  rate  without  coding. 


*R.W.  Steele  and  L.E,  Cassel,  "Effect  of  Transmission  Errors  on  the  Intelligibility  of 
Vocoded  Speech,"  IEEE  Trans,  on  Comm.  Systems,  March  1963,  pp.  118-123, 
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Figure  4-25.  Transmitter, 

Both  information  sources  are  shown  in  Figure  4-25  as  employing  interleaving 

in  the  channel  prior  to  mixing  with  the  modulation.  This  interleaver  provides  two 

services  in  both  channels.  The  interleaver  randomly  distributes  the  bits  over  the 

extended  time  interval  and  provides  the  rate  change  required  to  change  the  2,4  kilobit/ 

second  (4. 8  kilobit/sscond  in  case  of  the  encoded  information)  to  the  required  burst 

rate  for  subsequent  transmission.  Two  interleavers  are  required  here,  for,  while 

more  than  one  burst  signal  is  never  actually  transmitted  at  a  time,  both  channels  may 

* 

be  required  to  transmit  data  simultaneously. 

The  low  duty  factor  of  the  waveform  is  the  feature  that  allows  this  simultaneous 
operation  in  real  time  with  sequential  operation  in  the  burst  mode.  In  instances  when 
there  is  pulse  overlapping  the  data  source  is  given  pre-emptive  capability  over  the 
voice  source  since  the  voice  is  more  tolerant  of  errors. 

The  interleaver  in  the  voice  channel  may  ultimately  provide  only  the  continuous  to 
burst  buffering.  Because  Toice  has  a  high  tolerance  for  burst  interference,  the 
randomizing  may  not  be  required. 
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The  outputs  of  the  interleavers  In  Figure  4-25  are  modulo-2  summed  with  the 
output  of  the  PN  modulator  to  provide  a  10  megabit  per  second  baseband  signal.  This 
signal  is  then  used  to  phase  modulate  the  output  of  the  frequency  synthesizer  and  this 
modulated  IF  is  subsequently  upconveriad  and  power  amplified  in  the  pulse  power 
transmitter. 

As  shown  in  Figure  4-25,  a  single  pseudonoise  generator  provides  the  inter¬ 
leaver  pattern,  the  pulse  patterns,  the  pseudonoise  modulation,  and  the  frequency 
synthesizer  command  signal.  The  pseudonoise  generator  receives  time  of  day  clock 
from  the  receiver  and  generates  all  the  above  information  by  different  manipulations 
of  command  words  generated  by  the  pseudonoise  generator.  An  additional  use  of  the 
pulse  pattern  generator  signal  is  to  provide  a  receiver  inhibit  signal  to  the  switch  in 
the  front  end  of  the  RF  circuitry  of  the  receiver,  isolating  the  receiver  front  end  when 
the  transmitter  is  on.  The  output  of  the  transmitter  then  is  a  10  megahertz  ’.vide  PN 
modulated  data  stream  having  a  pulse  duration  of  60  microseconds  randomly  placed 
within  a  1. 25  millisecond  frame  time.  During  instances  of  parallel  transmission  of 
voice  and  data,  the  duty  factor  of  the  transmitter  will  go  up  by  a  factor  of  2  for  the 
duration  of  the  data  message.  An  alternative  to  this  variation  in  duty  factor  is  to 
blank  the  voice  transmission  during  the  entire  data  interval. 

It  should  be  noted  that  in  this  transmitter  only  the  interleavers  are  duplicated. 
The  remainder  of  the  circuitry  is  either  used  sequentially  as  in  the  case  of  the  fre¬ 
quency  synthesizer  and  all  of  the  modulation  and  upconversion  mechanization,  or  a 
single  information  source  is  operated  upon  in  different  manners  to  provide  the  different 
channel  patterns  as  in  the  case  of  the  pseudonoise  generator.  Operating  in  this  time 
sharing  manner  makes  the  transmitter  very  little  more  complicated  than  a  single 
channel  transmitter. 

The  receiver  circuitry  required  for  the  direct  mode  is  shown  in  Figure  4-26, 
The  RF  section  of  the  receiver  implementation  is  standard  in  that  there  is  an  isolator 
switch,  a  broadband  RF  preamplification  stage,  and  a  down-converting  stage  that, 
because  the  output  of  the  frequency  synthesizer  is  employed  as  the  local  oscillator, 
reduces  the  original  100  MHz  bandwidth  to  10  MHz  prior  to  going  into  the  pseudonoise 
correlator.  In  the  pseudonoise  correlator,  the  output  of  the  local  pseudonoise  genera¬ 
tor  mixed  with  the  local  oscillator  is  correlated  with  the  received  signal  providing  a 
narrowband  IF  that  is  subsequently  synchronously  demodulated.  The  output  of  this 
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Figure  4-26]  Direct  Mode  Receiver] 


demodulator  is  used  to  make  all  of  the  data  decisions  for  the  system.  In  all  three 
stages  -  down  conversion,  pseudonoise  correlator  and  synchronous  demodulator  -  the 
implementation  is  employed  sequentially  to  provide  for  the  different  functions  that  are 
to  be  received. 


In  the  direct  mode,  the  system  is  required  to  search  for  two  possible  voice 
addresses  and  track  the  data  address.  When  a  signal  has  been  acquired,  the  search 
mode  for  that  channel  is  abandoned  and  the  receiver  is  required  to  monitor  that  chan¬ 
nel  only  1/200  of  the  time.  The  previous  decision  to  preempt  the  voice  in  favor  of  the 
data  signal  is  also  employed  in  the  receiver,  however. 

It  is  during  synchronization,  when  the  receiver  is  searching  for  the  two  voice 
channels,  that  the  time  requirements  on  the  time  sharing  equipment  are  most  severe. 
The  data  channel  is  being  tracked  continuously  so  It  requires  only  one  60  microsecond 
pulse  duration  out  of  the  frame  time.  The  voice  channels,  however,  suffer  from  an 
uncertainty  in  time  of  arrival  of  1. 8  milliseconds.  The  synchronization  procedure  for 
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those  channels  then  is  to  switch  to  the  required  frequency  and  pseudonoise  code  phase 
at  the  earliest  possible  time  of  arrival  of  the  desired  pulse  (the  known  frame  time 
allows  this).  The  output  of  the  down  converter  is  switched  to  a  detector  shown  in 
Figure  4-26  that  provides  the  baseband  output  of  the  in-phase  and  quadrature  products 
of  the  received  signal,  sampled  at  the  system  sampling  time.  These  inputs  aire  fed  to 
the  digital  matched  filter  along  with  the  pseudonoise  code  vector  state.  The  output  of 
the  digital  matched  filter,  which  constitutes  the  sum  of  the  squares  of  the  inphase  and 
quadrature  matched  filter  channels,  is  processed  by  the  sync  decision  circuitry. 

The  synchronization  eircuitiy  abandons  the  long  search  aperture  on  the  results 
of  a  single  pulse.  Subsequent  frames  are  examined  only  in  a  position  corresponding  to 
the  detected  pulse  arrival.  This  is  continued  throughout  the  message  or  until  subse¬ 
quent  processing  dictates  the  original  ruceptance  invalid.  When  operating  in  the  search 
mode  the  decision  circuitry  must  be  dedicated  to  a  single  channel  for  the  maximum 
time  delay  plus  the  pulse  duration.  In  this  case  the  dedication  would  last  1, 85  milli¬ 
seconds,  Because  the  frame  time  is  12. 5  milliseconds,  a  requirement  for  synchroni¬ 
zation  of  two  or  more  signals  simultaneously  can  not  be  handled  well  by  a  single  synch¬ 
ronization  circuit,  which  must  be  dedicated  to  each  signal  for  15  percent  of  the  time. 
Two  synchronization  circuits  operating  independently  in  parallel  can  be  provided.  Then, 
for  example,  with  three  signals,  the  probability  is  ,  0225  that  both  synchronization 
circuits  have  been  preempted  from  serving  the  third  signal. 

When  a  synchronization  decision  has  been  made,  the  controller  stores  the  time 
of  arrival  of  the  desired  pulse  and  subsequent  frames  are  switched  through  the  synch¬ 
ronous  demodulator  into  the  normal  data  circuitry.  As  noted  earlier,  the  decision 
circuitry  is  used  sequentially  for  the  voice  and  the  data  mode,  A  demultiplexer,  there¬ 
fore,  delivers  the  information  to  the  respective  deinterleavers  and  the  output  of  the 
deinterleavers  is  continuous  data,  either  to  the  voice  output  or  to  the  decoder  for  the 
data. 

4.  2, 2,3  Navigation  Mode 

The  navigation  signal  is  completely  asynchronous  to  the  data  signal  and  employs 
exactly  the  same  format.  Burst  times,  frame  rates,  and  bandwidth  are  all  identical. 
This  implies  a  hypothetical  navigation  satellite  RF  source  capable  of  high  peak  power 
transmission  in  accordance  with  the  low  duty  factor  of  the  signal.  The  information  rate 
in  each  channel  is  low,  in  the  vicinity  of  100  bits/second;  each  of  the  four  navigation 
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'satellites  must  be  continually  tracked  by  the  receiver.  The  receiver  diagram  shown 
in  Figure  4-26  provides  all  the  functions  required  to  trafek  the  navigation  signals.  In 
block  diagram  form,  the  navigation  receiver  function  is  identical  to  the  direct  communi¬ 
cations  receiver  Amotion.  The  synchronization  decision  circuitry  is  seldom  used  since 
the  navigation  signals  are  tracked  continuously;  therefore,  the  navigation  function  can 
be  performed  with  the  remaining  communications  circuitry,  which  Is  used  on  the 
1/200  duty  factor  basis.  However,  here  there  are  four  signals  to  be  tracked  continually. 
The  navigation  satellite  will  provide  update  information  on  the  average  of  once  every 
second.  Thus,  averaging  over  100  frame  times,  a  significant  amount  of  overlap  can 
be  tolerated  by  the  navigation  signal. 

4. 2. 2.4  IFF  Mode 

The  IFF  receiver  must  be  able  to  discriminate  at  least  three  receiver  queries 
and  respond  within  a  1  second  time  interval.  It  is  presumed  that  all  information  dir¬ 
ected  toward  a  specific  aircraft  will  have  a  single  unique  address.  Therefore,  the  IFF 
receiver  need  guard  only  one  channel  for  acquisition,  synchronization  detection  is 
similar  to  that  of  the  direct  mode  communication,  and  parallel  circuitry  can  be  shared. 
The  difference  here  is  that  a  multiplicity  of  detected  signals  must  be  provided  for  and 
that  since  this  multiplicity  will  be  constrained  to  a  2  millisecond  interval,  it  is  very 
likely  that  parallel  processing  for  the  three  individual  accesses  will  be  required  sub¬ 
sequent  to  synchronization.  Again,  a  high  redundancy  short  constraint  length  code 
will  be  used  with  interleaving  to  provide  message  integrity  in  the  IFF  mode, 

4. 2.2.5  Remote  Mode 

The  remote  mode  will  be  operated  in  a  coordinated  manner.  A  separate  (from 
the  direct  mode)  100  MHz  band  is  used  for  the  link  to  the  satellite,  while  the  satellite 
to  earth  link  could  be  in  the  same  band  as  the  direct  mode.  Coordination  is  employed 
to  provide  a  high  multiple  access  capacity  and  to  facilitate  the  use  of  satellite  proces¬ 
sing,  providing  a  high  degree  of  anti-jam  protection  for  the  necessarily  power  limited 
satellite  link. 

The  satellite  will  contain  a  frequency  hopping  pseudonoise  processor.  The 

coordination  of  the  net  will  be  such  that  only  one  user  is  accessing  the  satellite  at  any 
-3 

time;  the  4, 8  x  10  duty  factor,  thus,  gives  a  total  of  slightly  more  than  200  accesses 
with  a  typical  power  budget  as  given  in  Section  7. 3. 5. 2  of  Volume  II.  The  satellite 
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will  have  a  10  channel  receiver  and  the  frequency  hopping  part  of  the  processor  will 
accept  receptions  only  from  one  selected  channel  at  a  time.  Channel  selection  is  made 
under  control  of  a  pseudonoise  generator  In  the  satellite.  The  same  pseudonoise  gener¬ 
ator  provides  a  10  MHz  code  rate  for  FN  processing  of  the  received  signal. 

The  pseudonoise  generator  in  the  satellite  does  not  acquire  and  trask  the 
accessing  signals,  Each  access  obtains  pseudonoise  bit  synchronism  at  the  satellite 
by  monitoring  its  own  transmitted  signal  and  varying  the  transmitted  sequence  genera¬ 
tor  phase  so  that  time  ol  arrival  at  the  satellite  will  be  accurate  within  10-20  nano¬ 
seconds.  The  pseudonoise  correlator  In  the  satellite  then  reduces  the  signal  to  narrow- 
band,  Subsequent  remodulation  by  the  code  and  frequency  hopping  to  the  desired  down 
link  channel  completes  the  satellite  processing. 

This  remote  mode  system  has  the  advantages  that: 

1.  Full  AJ  processing  is  afforded  each  signal; 

2.  Only  one  access  is  made  at  a  time,  eliminating  power 
control  problems; 

3.  ..  Satellite  processor  is  simple,  requires  no  active  search 

or  demodulation,  and  operates  without  satellite  control; 
and 

4.  The  waveform  for  the  remote  mode  is  identical  to  the 
waveform  employed  in  the  other  modes. 

The  disadvantages  are  that  coordination  is  forced  upon  the  satellite  accesses  and  that  a 
tracking  problem  is  forced  on  each  of  the  earth  terminals, 

4. 2. 2,6  Landing  Mode 

The  landing  mode  is  assumed  to  be  a  beam  rider  concept  so  that  the  burden  on 
the  CWI  system  is  essentially  that  of  a  communication  link.  The  directivity  of  the 
pattern  and  the  local  nature  of  the  operation  will  provide  high  level  signals  that  are 
relatively  free  from  interference.  The  landing  mode  operation  then  is  considered  to  be 
identical  to  a  standard  communication  channel. 
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4.2.3  FH/TH  HYBRID-COORDINATED  WAVEFORM 

An  alternate  candidate  hybrid-coordinated  waveform  may  fa  defined  to  take  advan¬ 
tage  of  the  multiple  access  performance  inherent  in  a  frequency  slotted  waveform.  This 
FH  type  waveform  will  accommodate  near  /far  dynamio  range  within  practical  filtering 
limits.  A  hybrid  TH/FH  is  described  here  with  parameters  selected  to  meet  the  requi¬ 
site  data  rate  and  provide  a  larger  multiple  access  capability  than  the  TH/FH/PN  wave¬ 
form  described  above.  The  pulse  duration  is  set  at  50  microseconds  as  sufficient  to 
eliminate  intersymbol  interference  effect?-  This  allows  5000  frequency  clots  ia  the 
100  MHz  bandwidth  presumed.  The  direct  mode  is  noncoordinated. 


Use  of  M'ary  sequential  decoding  can  be  considered  but  is  rejected  as  being 
excessively  complex  for  CNI  application.  However,  one  can  consider  a  block  code  for 
the  M'ary  channel.  For  example,  it  is  possible  to  find  64  code  words  of  length  8  digits 
with  M  =  8  such  that  any  pair  of  code  words  coincide  in  at  most  one  digit.  This  code 
structure  has  been  applied  in  the  TATS  modem,  currently  under  development  for  AFESD 
and  originally  suggested  by  Lincoln  Laboratory  for  a  tactical  satellite  communication 
channel  with  multipath. 

The  demodulator/decoder  for  this  M'ary  code  is  maximum  likelihood  for  the 
64  words,  with  the  additional  provision  that  the  amplitude  from  each  of  the  eight  fre¬ 
quency  slots  is  peak  clipped  inherently  by  an  analog/digital  converter.  The  resulting 
quantized  amplitudes  are  summed  over  the  eight  successive  digits  foi  -  'ch  of  the  64 
words,  and  the  decision  is  for  the  code  word  displaying  the  maximum  sum. 

Because  the  code  has  rate  0, 75  bit/digit,  the  waveform's  duty  factor  must  be 
set  at  1/6  to  maintain  2400  bps  data  rate  with  the  50  microsecond  presumed  pulse 
duration. 

The  multiple  access  capacity  can  be  estimated  as  a  first  rough  approximation  by 
ignoring  cancellation  effects  when  an  interfering  pulse  lands  on  the  desired  pulse  and 
assuming  peak  clipping  at  tke  amplitude  of  the  desired  signal.  Then,  an  error  can  be 
caused  only  if  interfering  pulses  fall  into  the  pattern  of  the  seven  (or  eight)  different 

* 

This  waveform  has  been  employed  in  the  Lincoln  Experimental  Terminal,  built  by 
Lincoln  Laboratory  for  Satellite  Communications, 

♦# 

This  assumption  is  particularly  valid  for  interference  strong  compared  with  the 
desired  signal. 


-94- 


successive  frequency  slots  of  some  incorrect  word.  The  probability  of  this  is  "union" 
bounded  by 


P  <  64e 
e 


7 


<D 


-5  '' 

For  =  10  ,  c  a?  0. 1,  so  that  the  multiple  access  capacity  is  computed  to  be 
0. 1  (5000)  (6)  =  3000. 


An  optimized  jamming  strategy  against  this  modulation  can  be  postulated  as 
partial  occupancy  of  the  channels  by  tones  at  the  most  effective  amplitude.  Again  by 
invoking  the  union  bound,  pair-wise  error  probabilities  can  be  computed,  and  for 
P  =  10  ,  the  worst-case  jamming  consists  of  tones  eaual  in  amplitude  to  the  desired 
signal  and  occupying,  again,  about  0. 1  of  the  channels.  Thus,  the  J/S  satisfies 

J/S  =  (5000)  (6)  (.  1)  =  35  db  (2) 

for  this  optimized  threat. 

The  above  results  on  jamming  performance  shows  that  the  theoretical  multiple 
access  performance  will  be  essentially  independent  of  the  amplitudes  of  the  interfering 
signals,  and  the  worst  case  actually  is  for  equal-amplitude  signals.  This  is  true 
because  stronger  interfering  signals  are  still  clipped  to  unity,  while  the  cancellation 
of  the  desired  signal  is  diminished.  This  conclusion,  however,  is  valid  only  if  there 
is  an  AGC  which  can  maintain  the  peak  clipping  level  at  the  amplitude  of  the  desired 
signal. 

A  mechanism  for  AGC  setting  Is  available  from  the  demodulator/decoder  by 
noting  that  strong  interference  must  be  confined  to  less  than  10  percent  of  the  fre¬ 
quency  slots  if  the  demodulation  is  to  be  successful.  Hence,  an  average  of  9  out  of 
10  slots  used  for  the  correct  word  will  not  contain  strong  interference.  After  each 
code  word  is  received,  the  AGC  can  be  derived  from  the  amplitudes  of  the  8  successive 
frequency  slots  of  the  word  deemed  correct.  Quantitatively,  the  AGC  may  be  set  on 
the  basis  of  the  average  power  in  the  correct  frequency  slot  after  peak  clipping,  and 
this  satisfies  both  AJ  and  multiple  access  requirements.  For  example,  the  jamming 
margin  corresponds  to  an  average  interference  per  slot  10  db  below  the  desired  signal 
at  the  10  threshold  of  error  probability,  so  that  the  presence  of  jamming  changes 
$ 

Obviously,  a  practical  implementation  can  not  accept  arbitrarily  strong  interference 
without  further  degrading  due  to  saturation  and  intermodulation  effects. 
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the  AGC  setting  by  at  most  0. 5  db.  This  remains  valid  regardless  of  the  frequency 
distribution  of  the  jamming. 

Now  let  us  examine  multiple  access  to  a  satellite,  assuming  satellite  para¬ 
meters  as  in  Section  7. 3, 5-2  of  Volume  II  (200  watts  into  a  2  degree  beam  width  satel¬ 
lite  antenna).  At  the  earth  terminal,  the  received  S/N  in  20  KHz  bandwidth  for  one 

♦ 

signal  is  23  db,  and  the  threshold  is  approximately  9  db.  Hence,  the  ideal  number  of 
multiple  Pocoss  signals  if  they  were  perfectly  coordinated  to  yield  ideal  power  sharing 
and  full  time  slot  occupancy  is 

Ideal  catellite  Access  =  25  x  6  =  150  (3) 

One  way  to  have  ideal  power  sharing  is  to  provide  satellite  channelization  into  25 
separately  limited  channels,  each  of  4  MHz  width.  This,  of  course,  leaves  no  margin 
whatsoever,  according  to  the  presumed  power  budget. 

If  the  waveforms  are  not  coordinated,  a  degradation  occurs,  p?  described  for  a 
different  modulation  structure  in  Section  7. 3. 5. 1  of  Volume  H.  However,  the  degrada¬ 
tion  is  more  difficult  to  compute  than  for  the  PSK  or  DPSK  modulations.  To  obtain  a 
rough  quantitative  estimate  of  multiple  access  capacity  for  the  M’ary  FH/TH  waveform, 
consider  only  the  interference  due  to  the  other  accessing  signals,  all  assumed  much 
stronger  than  the  desired  signal.  Then,  any  digit  of  the  code  word  being  transmitted 
by  the  desired  signal  will  be  suppressed  below  receiver  noise  if  another  signal  occurs 
in  the  same  satellite  channel.  Ignoring  receiver  noise,  an  error  can  result  only  if  four 
or  more  digits  of  the  code  word  are  suppressed,  since  two  code  words  differ  in  at  least 
seven  digits  and  the  interference  is  limited  when  it  appears  in  the  output  of  any  satel¬ 
lite  channel. 

If  four  or  more  digits  of  the  code  word  are  suppressed,  an  error  does  not 

necessarily  occur.  However,  as  a  somewhat  pessimistic  computation,  we  may  require 

-5 

that  the  probability  of  suppressing  four  or  more  digits  in  a  code  word  not  exceed  1C 
with  random  overlap  from  the  interfering  signals.  The  maximum  allowed  average  pro¬ 
bability  of  overlap  then  is  determined  to  be  0, 02,  computed  from  the  binomial  distri¬ 
bution.  Thus,  retaining  the  25  satellite  channels  and  1/6  duty  factor,  the  number  of 
interfering  signals  is  allowed  to  be  (.02)  (25)  (6)  =  3,  and  the  multiple  access  capacity 


-5 

An  E^/Nq  =  10  db  for  broadband  noise  at  10  error  probability  is  assumed. 
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is  only  four  signals.  This,  of  course,  can  be  improved  by  further  satellite  channeli¬ 
zation;  for  example,  with  250  channels,  the  number  of  signals  is  increased  to  31.  How¬ 
ever,  each  channel  still  must  have  an  output  power  capable  of  overcoming  receiver 

* 

noise,  so  that  the  satellite  power  has  been  increased  by  at  least  10  db,  just  due  to  the 
additional  channelization. 

Thus,  it  maybe  concluded  that  noncoordinated  multiple  access  to  the  satellite  is 
undesirable  for  the  postulated  FH/TH  waveform,  whereas  a  respectable  multiple  access 
capacity  is  available  when  the  accessing  signals  are  coordinated  to  fall  into  distinct  time 
slots  and  satellite  channels.  Hence,  a  hybrid-coordinated  waveform  is  assumed,  with 
coordination  in  the  remote  mode  only. 

4, 2,3.1  Synchronization  in  Direct  Mode 

The  problem  of  initial  synchronization  will  be  discussed  in  the  context  of  a  sig- 
signal  without  data  modulation.  Thus,  a  sequence  of  frequency  hop/time  hop  pulses  is 
presumed  with  an  a  priori  knewn  pattern.  Only  the  direct  mode  is  of  concern  since  the 
range  uncertainty  of  2  milliseconds  applies  (hereto,  (In  the  remote  mode,  accurate 
compensation  for  range  to  satellite  can  easily  be  made.)  With  50  microsecond  pulse 
duration,  there  are  40  time  slots  to  be  searched.  Sequential  detection  theory  (see 
Section  7.  5.4  of  Volume  II)  shows  these  can  be  searched  in  a  serial  manner  in  an 
average  of  less  than  2  pulses  per  position;  hence,  the  search  time  does  not  exceed 
2  x  40  y  2  x  0. 3  =  48  milliseconds,  assuming  a  search  step  of  half  the  pulse  width  and 
noting  the  average  frame  of  0. 3  millisecond.  A  further  reduction  is  possible  by  paral¬ 
lel  looks  in  the  vicinity  of  the  pulse,  so  that  the  search  step  size  can  be  more  coarse. 

An  example  of  a  parallel  synchronization  processor  is  now  described  and  is 
conceptually  feasible.  It  depends  on  the  frequency  hopper  remaining  on  frequency  dur-  . 
ing  the  interpulse  interval.  With  this,  the  reception  of  a  pulse  on  the  selected  frequency 
slot  is  enabled  for  the  dwell  of  the  hopper.  Figure  4-27  shows  how  the  parallel  pro¬ 
cessing  is  done.  The  filter  output  is  envelope  detected  and  sampled,  say  at  20  micro¬ 
second  sampling  intervals  starting  at  the  instant  the  frequency  slot  was  selected.  Each 
sample  is  quantized,  probably  to  one  bit  (off-on),  and  the  bit  (0  or  1)  is  added  to  the 
previous  count  for  the  same  delay  from  initial  selection  of  the  frequency  slot.  This  is 
continued  until  each  of  the  parallel  positions  can  be  dismissed  on  the  basis  of  its  count. 


$  > 

Some  increase  is  also  necessary  to  allow  correct  demodulation  at  the  receiver  on  a  v 

partially  suppressed  cede  word  in  the  presence  of  receiver  noise. 
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Figure  4-27.  Parallel  Sync  Processor. 

As  an  frustration,  if  six  parallel  positions  are  searched,  the  synchronization 
time  is  reduced  by  a  factor  close  to  six;  the  actual  reduction  factor  depends  on  the 
average  time  to  dismiss  multiple  positions,  compared  with  the  dismissal  time  for  a 
Single  position. 

An  important  question  is  that  of  AGC  prior  to  synchronization's  being  detected. 
One  approach  is  to  set  AGC  on  the  basis  of  average  power  in  the  frequency  slot  after 
peak  clipping;  this  is  similar  to  the  procedure  discussed  above  for  data  demodulation. 
However,  now  the  AGC  setting  is  based  on  the  response  to  interference  only  and  may¬ 
be  called  a  "noise"  AGC.  For  example,  if  synchronization  is  to  be  possible  with  an 
average  interference  power  in  the  selected  frequency  slot  10  db  below  the  desired  sig¬ 
nal,  the  noise  AGC  will  be  set  the  requisite  level  for  the  on-off  threshold  decision 
until  synchronization  is  detected.  Then,  the  AGC  responding  to  the  desired  signal 
amplitude  takes  over. 

4. 2.3,2  Tracking  and  Navigation 

A  further  improvement  in  tracking  accuracy  to  the  order  of  the  reciprocal  of 
total  bandwidth  is  conceptually  feasible  using  the  scheme  based  on  coherent  frequency 
hopping  and  described  in  Section  4, 2. 1. 10.  It  will  be  assumed  that  the  precision  track¬ 
ing  still  uses  only  the  unmodulated  pulses,  as  discussed  above.  Although  a  FH/PN/TH 
modulation  was  presumed  in  fee  previous  discussion  of  precision  tracking,  the  same 
concept  applies  to  any  FH  or  FH/TH  system,  with  the  observation  that  practical  diffi¬ 
culties  increase  with  the  number  of  frequencies  to  be  synthesized. 
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For  the  navigation  signals  from  the  satellites,  differential  time  of  arrival  is 
to  be  measured.  Thus,  the  emphasis  is  on  tracking  accuracy,  and  the  required  data 
rate  (to  transmit  ephemeris  data)  is  low,  roughly  100  bps.  For  these  signals,  a 
greater  fraction  of  the  pulses  will  be  unmodulated  and  allocated  to  the  tracking  function. 
If  the  ratio  is  one  data  pulse  to  24  tracking  pulses,  the  required  data  rate  of  100  bps 
will  be  met;  however,  note  that  the  noise  threshold  and  jamming  margin  still  corres¬ 
ponds  to  2400  bps,  and  this  can  not  be  improved  except  by  changing  the  waveform 
structure  to  a  longer  pulse  duration.  The  same  general  arguments  apply  to  measuring 
time  of  arrival  of  a  ground  navigation  signal  is  used  for  ranging  in  the  landing  mode. 

Synchronization  tracking  in  prior  implementations  (e,  g. ,  TATS  Modem)  has 
been  applied  to  this  modulation  format  on  the  basis  of  delay-lock  tracking  on  designated 
unmodulated  pulses.  A  typical  ratio  is  one  pulse  for  tracking  and  8  data  modulated 
pulses.  This  method  of  tracking  should  be  capable  of  pulling  in  to  an  error  of  less  than 
ten  percent  of  the  pulse  width,  or  about  5  microseconds.  This  is  insufficient  for  pre¬ 
cision  navigation. 

4. 2.3,3  IFF 

Up  to  now,  the  IFF  waveform  has  tacitly  been  presumed  identical  to  the  COM, 
and  this  ignores  the  lower  data  rate  which  suffices  for  IFF.  Assuming  150  bits/sec 
for  the  IFF  signal,  one  could  simply  reduce  the  duty  factor  proportionately  to  approxi¬ 
mately  1/100,  or  an  average  repetition  interval  of  5  milliseconds,  compared  with  300 
microseconds  for  COM,  The  problem  is  now  that  synchronization  by  a  serial  search 
is  proportionately  slowed  and  is  now  unacceptably  slow  (about  one  second). 

One  answer  to  this  difficulty  is  to  adopt  a  parallel  processing  scheme  for 
synchronization,  similar  to  that  discussed  above.  New,  the  filter  output  is  sampled 
over  the  maximum  time  uncertainty.  Since  the  uncertainty  due  to  unknown  range  is 
less  than  2  milliseconds,  there  is  no  actual  serial  search  required,  and  the  sync  time 
depends  on  the  number  of  pulses  deemed  necessary  for  a  reliable  decision.  If  this  is 
approximately  10,  the  synchronization  time  for  IFF  is,  as  previously,  approximately 
50  milliseconds. 

A  further  consideration  in  the  IFF  function  is  the  interference  between  several 
signals  interrogating  an  aircraft  all  on  the  same  address  for  the  intended  receiver. 

The  multiple  access  capability  afforded  by  the  orthogonal  time-frequency  slots  will  be 
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lost  if  the ( time  of  arrival  of  the  signals  coincide  within  50  microseconds.  Only  the 
strongest  signal  probably  can  be  demodulated  correctly  in  that  event,  and  for  equal 
received  powers  possibly  none  of  the  signale  will  be  received  correctly.  If  the  trans¬ 
mitters  radiate  in  absolute  time,  coincidence  of  two  signals  can  occur  only  if  the  rangeB 
differ  by  lees  than  50  microseconds,  or  8  n.  m.  This  alone  may  be  operationally 
adequate. 


4. 2, 3.4  Time  Sharing 

It  is  desirable  to  reduce  equipment  complexity  by  time  sharing  to  the  maximum 
extent.  With  a  low  duty  factor,  time  sharing  of  the  RF,  correlator,  synthesizer,  and 
pseudorandom  sequence  generator  is  permissible  in  principle,  at  the  cost  of  requiring 
faster  hopping  in  the  implementation.  Note  that  with  coherent  hopping  employed  for  pre¬ 
cision  range  tracking,  time  sharing  of  the  synthesiser  requires  the  reference  to  the 
synthesizer  to  be  phase  corrected  individually  for  each  signal  being  tracked,  and  thik 
is  a  potential  implementation  problem,  most  conveniently  handled  by  the  digital  phase 
tracking  scheme  previously  described. 

For  the  FH/TH  waveform,  a  difficulty  with  time  sharing  arises  from  the  rela¬ 
tively  high  duty  factor  of  1/6.  With  a  multiplicity  of  signals  (NAV,  COM,  IFF),  there 
is  a  high  degree  of  time  overlap  of  signals.  Let  us  examine  a  specific  case  of  requiring 
four  NAV  signals  with  the  given  modulation  format.  A  procedure  for  t'me  sharing  is 
as  follows:  If  two  or  more  pulses  are  going  to  overlap,  choose  to  receive  the  first  one 
only.  In  other  words,  a  given  pulse  is  received  if  its  starting  point  is  not  overlapped 

by  a  pulse  from  another  signal.  The  probability  of  the  start  of  any  pulse  being  clear 

3  * 

is  (5/6)  =  0. 58,  so  that  there  is  a  loss  of  2. 4  db  for  this  degree  of  time  sharing  with 
four  signals. 


This  concept  can  be  extended  to  consider  availability  of  p  processors  to  receive 
m  signals  (m  -  4  and  p  =  1  in  the  previous  example).  Now,  any  pulse  can  be  received 
if  its  atari  is  overlapped  by  p  -  1  or  fewer  pulses  from  die  other  signals.  The  proba¬ 
bility  of  the  start  being  clear  in  this  fashion  is 

P  -  ]>  ftW  <5/6>m“1_k  (4) 

k*0 

i 
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Overlap  In  both  time  and  frequency  is  ignored  since  it  is  of  low  probability.  This 
event  introduces  a  small  additional  loss. 


o 
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for  signals  of  1/6  duty  factor.  As  an  illustration,  assume  a  requirement  to  receive 
8  signals.  Then,  with  two  processors,  the  probability  of  receiving  any  pulse  is 

P  =  (5/6) 7  +  7(1/6)  (5/6) 6  =  0.67  (5) 

* 

so  that  there  is  a  loss  of  1. 7  db  for  time  sharing  of  two  processors  among  eight 
signals,  each  a?  1/6  duty  factor. 

Time  sharing  is  not  compatible  with  the  parallel  processing  synchronization 
scheme  previously  described  which  requires  the  frequency  hopper  to  Btay  in  the 
selected  frequency  slot  for  a  large  fraction  of  the  interpulse  interval.  Separate  fre¬ 
quency  hopper  and  correlation  circuitry  must  be  provided  for  each  of  the  several  sig¬ 
nals  to  which  synchronization  is  desired  simultaneously. 

Time  sharing  of  transmit  and  receive  functions  is  also  a  problem  area.  In  a 
practical  implementation  it  is  not  feasible-  to  receive  while  simultaneously  transmitting 
in  a  common  band.  Even  if  the  transmissicn  replaces  one  of  the  multiplicity  of  signals, 
e.g. ,  COM  transmit  replaces  COM  receiver,  a  further  loss  from  that  computed  above 
is  entailed  for  time  sharing  of  processors.  This  is  true  because  in  the  receiver,  no 
signal  can  be  received  during  the  50  microsecond  interval  of  transmission. 

4. 2. 3. 5  Satellite  Processing  for  AJ 

Since  the  COM  signals  for  the  satellite  mode  are  coordinated,  introduction  of  pro¬ 
cessing  in  the  repeater  becomes  conceptually  straightforward  as  a  means  to  enhance 
AJ,  First  of  all  with,  say,  25  signals  accessing  in  each  time  slot,  parallel  directive 
beams  can  be  hopped  to  the  locations  of  the  transmitters.  This  discriminates  against 
jammers  outside  the  beams.  The  hopping  rate  for  the  beams  is  once  per  50  micro¬ 
seconds. 

If  the  accessing  signals  have  a  common  frequency  hopping  pattern  but  are  offset 
by  appropriate  multiples  of  20  KHz  into  distinct  satellite  channels,  an  on-bcard  fre¬ 
quency  hopper  provides  waveform  processing  to  discriminate  further  against  jamming. 
In  fact,  with  25  satellite  channels  of  X60  KHz  width  to  accommodate  the  8’ary  data 
modulation,  the  multiple  access  capability  computed  above  is  maintained  and  fairly 
good  AJ  performance  is  realized. 

*  — 


In  addition  to  losses  already  noted,  the  effect  on  the  error  probability  due  to  missing 
pulses  needs  to  be  analyzed,  considering  the  data  word  structure. 


•The  actual- jamming  margin  is  difficult  to  compute,  but  a  lower  bound  is  the 
above  multiple  access  computation  allowing  occupancy  of  two  percent  of  the  frequency 
channels.  Since  there  are  5000/8  =  625  channels  and  6  time  slots,  the  margin  is  at 
least  1!)  db,  assuming  jamming  tones  equal  in  amplitude  to  the  desired  signal.  A  more 
optimistic  computation  would  allow  about  ten  percent  occupancy  of  the  625  channels, 
and  this  implies  J/S  =  26  db. 

4, 2. 3. 6  Basic  Transceiver  Block  Diagram 

The  basic  transceiver  block  diagram  is  presented  in  Figure  4-28  for  the  FH/TH 
waveform.  Coherent  bopping  is  presumed  so  that  a  precision  time  of  arrival  measure¬ 
ment  is  enabled,  and  a  tunable  preselector  can  be  applied  to  discriminate  against  signals 
in  other  frequency  slots.  This  basic  block  diagram  is  applied  to  all  three  functions, 
COM,  NAV  and  IFF.  As  analyzed  above  ignoring  time  sharing  of  transmit  and  receive, 
a  requirement  to  receive  8  signals  of  1/6  duty  factor  can  be  accommodated  with  modest 
loss  by  two  RF  and  synthesizer  processors  in  parallel.  Naturally,  the  decoder  must  be 
duplicated  for  each  of  the  8  signals,  along  with  the  tracking  circuitry. 

The  receive/processor  time  sharing  works  conceptually  in  the  following  manner. 
At  a  given  instant,  the  start  of  a  pulse  to  be  received  from  one  of  the  signals  is  assumed 
to  occur.  If  a  processor  is  free,  its  frequency  synthesizer  is  set  to  the  requisite  slot 
(and  carrier  phase)  for  the  selected  pulse,  and  the  outputs  from  the  multiple  filter  bank 
demodulator  are  routed  to  the  decoder  for  the  selected  signal.  If  a  processor  is  not 
free,  blank  information  is  fed  to  the  decoder  for  the  selected  signal. 

7.’he  desirability  of  coordinating  the  satel  lite  mode  has  been  discussed  to  improve 

the  multiple  access  capacity  of  a  power  starved  repeater.  If  the  orthogonal  time-fre- 

* 

quency  patterns  have  been  assigned,  any  transmission  is  simply  advanced  in  time  to 
arrive  in  zero  time  phase  at  the  satellite  relay.  The  receiver  is  similarly  retarded, 
and  the  necessary  information  is  available  from  the  navigation  computation  (to  give 
range  to  the  satellite  relay).  With  this  waveform,  the  timing  error  for  coordination 
need  only  be  small  compared  with  50  microseconds,  say  a  few  microseconds. 

Accurate  time  of  arrival  of  any  signal  is  measured  by  deriving  a  tracking  error 
from  the  increments  of  phase  from  one  pulse  to  the  next.  As  indicated  in  Figure  4-28, 
this  technique  works  conceptually  as  follows.  The  carrier  of  each  received  pulse  to  be 
# 

The  method  of  assigning  addresses  is  not  discussed  here. 


*1 


-102- 


BASIC  TRANSMITTER  BLOCK  DIAGRAM 
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Figure  4-28.  Basic  Trauseeiver/Processor  Block  Diagram, 
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used  for  tracking  is  measured  with  the  coherent'  synthesizer  as  a  reference.  An 
intergrate-and-dump  process  yields  the  in-phase  and  quadrature  components  with  respect 
to  the  synthesizer  .reference,  from  which  carrier  phase  may  be  estimated.  These  suc¬ 
cessive  phase  measurements  are  differenced  as  the  basis  for  the  error  voltage  into  the 
fine  tracking  loop. 

The  transceiver/processor  is  sketched  grossly  in  Figure  4-29,  following  the 
above  concepts.  Time  shared  frequency  hoppers  and  correlation  channels  are  supplied 
with  the  necessary  digital  frequency  selection  and  phase  reference,  and  their  outputs 
routed  to  the  demodulation,  synchronization,  and  tracking  circuitry,  repeated  for  each 
COM,  NAV,  and  IFF  signal  to  be  handled  in  parallel  by  the  processor.  The  circuitry 
derives  the  address  code  for  each  signal  from  a  single  PNG  which  contains  "code  of  the 
day"  information  and  is  clocked  from  the  timing  standard.  The  more  detailed  circuitry 
can  be  filled  in  from  Figure  4-28.  Note  that  search  is  not  needed  to  acquire  synchroni¬ 
zation  to  signals  from  the  satellite,  if  the  navigation  information  is  used  to  compensate 
for  range. 
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Figure  4-29^ 


Gross  Receiver  /Processor. 
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4.3  SELECTION  OF  PREFERRED  WAVEFORM 


The  rationale  is  indicated  here  for  selection  of  the  FH/PN/TH  coordinated  waveform 
as  the  preferred  waveform  concept.  Since  some  of  the  more  specific  aspects  (details  of  the 
waveform)  that  motivate  consideration  of  this  waveform  are  given  in  the  processor 
definition  discussion,  they  will  not  be  repeated  here,  but  broader  factors  concerning 
waveform  type  will  be  discussed  here.  First  of  all  it  should  be  noted  that  the  distinc¬ 
tion  in  terms  of  coordinated  waveforms  is  meant  to  apply  primarily  to  the  high  density 
COM  traffic  after  being  organized  into  a  coordinated  state.  The  NAV  and  IFF/signal- 
ing  traffic,  being  of  relatively  low  capacity,  need  not  necessarily  have  their  waveforms 
coordinated  (other  considerations  such  as  feasibility  and  implementation  govern  this 
case)  though  the  same  waveform  structure  would  be  used  as  for  COM. 

Now  a  coordinated  waveform  (for  purposes  of  discussion  here)  is  one  whose 
address  parameters,  for  each  signal  access,  are  adaptively  adjusted  to  avoid  mutual 
interference  among  accesses  so  that  ideally  the  waveform  for  each  simultaneous  sig¬ 
nal  access  becomes  orthogonal  (different  frequency-time  slots  are  used).  Furthermore, 
the  rules  of  waveform  parameter  adjustment  are  such  that  optimum,  or  more  efficient, 
use  tends  to  be  made  of  any  or  all  of  power,  bandwidth,  and  equipment  time  sharing, 
which  are  three  of  the  potential  benefits  to  be  realized  through  use  of  coordinated  wave¬ 
forms.  In  fact,  the  ultimate  benefits  one  could  achieve  if  desired  are  a  truly  propor¬ 
tionate  share  of  all  satellite  power  for  each  access,  a  bandwidth  efficiency  of  1  bps/Hz 
(for  binary  level  modulation)  in  the  direct  mode,  and  a  single  aircraft  transmitter- 
receiver  pair  of  equipment  that  will  simultaneously  serve  all  the  functions  of  COM,  IFF, 
NAV,  and  even  monitoring  of  other  aircraft  transmissions  in  both  of  the  direct  and 
satellite  modes  (at  least  the  time  sharing  for  COT  functions  is  desired  though  the  latter 
monitoring  capability  may  not  be  too  important). 

In  contrast,  non-coordinated  type  waveforms  offer  an  essentially  unlimited 
number  of  available  addresses  but  experience  mutual  interference  among  signal  acces¬ 
ses  on  a  statistical  basis  when  their  slots  overlap.  They  are  dependent  on  powerful 
coding  to  minimize  this  mutual  interference  (although  coordinated  waveforms  tend  not 
to  h^ve  such  interference  and,  therefore,  no  need  for  coding  for  this  purpose,  powerful 
coding  is  still  desirable  to  combat  jatmnf  %  multipath,  and  to  make  most  efficient  use 
■f  the  satellite  downlink  power  budget',.  Nevertheless,  even  with  such  coding  they  are 


significantly  inferior  in  each  category  of  performance  as  compared  to  coordinated 
waveforms,  particularly  when  nets  are  postulated  to  have  a  high  usage  factor. 

For  example,  and  depending  on  the  specific  waveforms  considered,  a  non- 
coordinated  waveform  could  require  7-18  db  more  satellite  downlink  power,  would 
have  a  bandwidth  efficiency  of  0. 01  to  0. 6  bps/Hz  (the  latter  is  not  feasible  if  one  also 
wants  to  have  a  practically  useable  amount  of  AJ  so  that  in  this  regard  a  practical 
upper  limit  in  bandwidth  efficiency  may  be  only  0. 2  bps/Hz),  would  have  this  multiple 
access  capacity  degraded  when  there  is  simultaneous  jamming  present  (the  capacity 
could  be  degraded  by  a  factor  of  2  with  respect  to  maximum  when  simultaneous  AJ  is 
also  degraded  by  a  factor  of  3  db  with  respect  to  maximum),  would  have  multiple 
access  capacity  also  degraded  by  simultaneous  presence  of  multipath(  actually  in  the 
direct  mode  one  can  design  against  multipath,  but  in  the  power-budget-limiied  satellite 
mode  multipath  fading  will  detract  from  the  power  budget  available  for  multiple  access), 
and  would  have  multiple  access  capacity  degraded  when  equipment  time  sharing  is 
implemented  (that  is,  additional  statistical  errors  are  added  when  time  sharing  of  a 
given  equipment  is  added,  so  that  in  this  sense  one  must  either  back  off  in  capacity  or 
else  say  that  one  ia  limited  in  time  sharing  capability).  As  far  as  dynamic  range  is 
concerned  one  can  tend  to  design  for  this  as  one  does  for  coordinated  waveforms. 
However,  because  mutual  interference  will  still  occur  statistically,  and  since  the  near- 
far  problem  represents  the  worst  kind  of  mutual  interference,  then  in  this  situation  one 
must  also  back-off  in  capacity  from  the  ideal  maximum. 

The  unique  system  requirements  imposed  by  coordinated  waveforms  can  be 
summarized  as  follows: 

1.  Need  to  Operate  in  Common  Timing: 

Mutually  identifiable  and  distinguishable  frequency-time  slots  must 
be  available  for  all  terminals  in  each  terminal  area  and  rt  interfaces  between 
terminal  areas.  The  timing  precision  required  for  this  purpose  need  be  cnly 
on  the  order  of  1/10  of  a  slot  width,  so  that  considering  plausible  waveform 
designs  (2  millisecond  slot  width)  this  means  only  a  couple  of  hundred  micro¬ 
seconds  allowed  timing  error.  This,  of  course,  is  not  too  demanding  a 
requirement.  In  fact,  it  is  much  less  precise  than  the  timing  required  on  a 
single  satellite  uplink  (50  nanoseconds)  for  AJ  processing  in  the  satellite. 

Each  aircraft  need  not  necessarily  carry  a  very  stable  clock  (e.  g, ,  atomic) 
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on  board  so  as  to  assure  this  accuracy  after  extended  periods  of  flight, 
because  a  satellite  which  is  presumed  visible  at  all  times,  could  provide 
this  common  timing.  Alternately,  even  with  no  satellite,  the  timing  can 
be  generated  on  board  using  the  output  of  the  precise  NAV  channel  and 
ranging  information  to  a  given  ground  or  aircraft  reference  point.  Also 
at  interfaces  between  adjacent  terminal  areas,  and  when  a  common  satel¬ 
lite  i!J  not  visible,  timing  can  be  precisely  coordinated  or  corrected  by 
transfer  of  timing  using  NAV  ranging  methods  and  with  a  selected  ter¬ 
minal  acting  as  a  master  station.  Thus,  it  is  seen  that  even  considering 
a  variety  of  operational  situations,  the  need  to  operate  in  common  timing 
for  a  coordinated  waveform  should  not  be  a  real  problem, 

2.  Impact  of  Propagation  and  Aircraft  Motion  and  Position: 

The  above  discussion  has  considered  only  the  aspect  of  airborne 
time  standards  with  regard  to  frequency-time  slot  integrity.  Another 
aspect  if  that  of  Doppler  shift  for  high  speed  airborne  terminals.  This 
aspect,  however,  is  not  a  problem  if  the  size  of  the  slot  in  frequency  is 
made  much  greater  than  the  Doppler  shift.  Plausible  waveform  designs 
indicate  100  KHz  to  1  MHz  for  this  slot  dimension  which,  therefore,  makes 
Doppler  not  a  significant  factor. 

Similarly,  the  variation  in  propagation  delay  between  dispersed 
terminals  that  are  within  line-of-sight  and  interference-range  of  each 
ocher,  is  another  aspect  of  slot  integrity.  If  one  makes  the  guard  time  in 
a  slot  equal  to  the  variation  in  delay  between  terminals  in  adjacent  slots 
then  this  problem  is  countered,  but  at  the  expense  of  reduced  efficiency 
from  the  ideal  maximum  values  cited  previously  for  coordinated  wave¬ 
forms.  The  reduction  equals  the  guard  time  divided  by  the  slot  time.  By 
optimum  allocation  of  slots  to  adjacent  terminals,  via  the  mechanism  of 
coordination,  this  ratio  can  be  kept  small  without  requiring  long  slot  times, 
and  thereby  long,  cumbersome  frame  times, 

3,  Limitations  on  Repeat  Jam  Invulnerability: 

Because  of  the  propagation  limitations  on  slot  time,  the  slots  can 
be  permuted  only  at  a  low  rate,  e.g. ,  500  to  2100  bps.  One  is  therefore 
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potentially  limited  in  repeat  jam  invulnerability.  Nevertheless,  opera¬ 
tionally  this  jam  threat  may  not  be  important, 

4.  Need  for  System  Discipline  in  Use  of  Slots: 

Given  that  most  COM  traffic  consists  of  nets,  then  the  particular 
freauj'tb  ,y-time  slots  for  each  net  would  be  known  a  priori  to  authorized 
terminals,  provided  they  also  have  the  code  of  the  day  and  slot  timing. 

No  problem  in  system  discipline,  therefore,  exists  in  these  regards.  For 
situations  where  the  slot  allocations  are  not  known  to  the  aircraft  terminal 
desiring  to  enter  a  net,  then  a  signalling  or  order  wire  link  (using  non- 
coordinated  frequency-time  slots)  must  be  included  in  the  design  so  that 
this  information  can  be  requested  and  obtained.  Actually  with  non- 
coordinated  waveform  system?,  for  which  the  desired  net  address  is  not 
known,  they  must  also  have  a  capability  for  signalling  in  this  regard  to 
the  appropriate  terminal.  The  coordinated  and  noncoordinatod  systems 
are,  therefore,  no  different  in  that  they  both  require  signalling  capability 
for  such  information  to  the  appropriate  master  terminal.  However,  the 
difference,  of  course,  is  that  the  noncoordinated  waveform  design  needs 
no  special  waveform  mode  for  this  purpose,  whereas  the  coordinated  wave¬ 
form  design  does  need  it;  i,  e, ,  a  special  noncoordinated  waveform  signal¬ 
ling  mode  but  using  the  same  waveform  structure.  Since  the  IFF  mode  has 
similar  requirements,  it  can  be  co-used  for  this  signalling  function.  In 
this  sense  no  real  system  limitation  or  problem  exists  because  of  the 
signalling  link  with  the  basically-coordinated  waveform  systems.  Simi¬ 
larly,  if  and  when  new  slot  assignments  are  to  be  established  on  any  one 
or  more  COM  links,  the  noncoordinated  waveform  signalling  required 
before  one  gets  into  the  coordinated  waveform  state,  would  be  handled  by 
co-use  of  the  IFF  mode, 

5.  Coordination  Time: 

Coordinated  waveform  systems  require  a  coordination  time,  that 
is  over  and  above  the  waveform  synchronization  time.  This  is  primarily 
for  those  cases,  as  discussed  in  4, ,  where  special  signalling  is  required 
before  one  gets  into  the  coordinated  state.  One  must  also  add  to  this  so 
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as  to  obtain  the  total  coordination  time,  the  fact  that  since  each  simul¬ 
taneous  signal  access  is  individually  slotted,  the  frame  time  may  be 
greater  than  the  slot  time.  As  such  at  the  initiation  of  entry  into  a  net 
one  may  have  to  wait  a  whole  frame  time.  However,  for  plausible  wave¬ 
form  designs  in  which  interleaved  2  millisecond  slots  are  used,  and  in 
which  the  average  frame  time  is  24  milliseconds,  it  is  found  that  the  coor¬ 
dination  time  need  be  only  4  milliseconds  to  28  milliseconds  depending  on 
whether  one  seeks  to  enter  at  the  latter  or  beginning  time  of  a  frame  (the 
coordination  time  includes  4  milliseconds  total  for  the  round  trip  signal¬ 
ling  time).  This  is  reasonably  small.  However,  i/:  multiple  signalling 
tries  are  required  it  would  be  longer.  Also  more  conservative  designs 
for  coordinated  waveforms  (that  use  more  time  slots)  would  have  a  longer 
frame  time  (e.  g. ,  1-1/2  seconds)  and,  therefore,  also  have  a  longer 
coordination  time. 

The  unique  system  requirements  just  discussed  for  coordinated  waveform  sys¬ 
tems,  do  not  appear  to  be  too  difficult  to  meet.  They  seem  to  be  justified  by  the 
increased  system  performance,  that  was  discussed  earlier,  that  can  be  achieved  with 
such  systems.  On  this  basis  a  coordinated  waveform  design  for  COM  is  preferred 
over  totally  uncoordinated  designs  that  have  been  considered.  Hybrid  designs  have 
also  been  considered  that  involve  coordinated  waveforms  in  the  satellite  mode  and  non- 
coordinated  waveforms  in  the  direct  mode.  However,  it  was  found  that  their  capacity 
and  efficiency  is  also  rather  limited  in  the  direct  mode  so  that  coordination  in  the 
direct  mode  as  well  is  still  preferred, 

4.4  DETAILING  OF  THE  SELECTED  WAVEFORM  FH/PN/TH  -  COORDINATED 

The  purpose  of  this  section  is  to  describe  the  selected  waveform  design  that 
results  considering  all  the  factors  thus  far  discussed,  but  also  making  certain  para¬ 
meter  modifications  with  respect  to  the  candidate  waveform  design  indicated  previously 
in  Section  4. 2,  The  modifications  involved  primarily  concern  provision  of  more  TDMA 
slots  (so  as  to  increase  connectivity,  dynamic  range  performance,  and  equipment  time¬ 
sharing  capability)  on  each  frequency-time  pattern  (there  are  now  also  fewer  parallel 
frequency-time  patterns)  and  use  of  wider  time  slots  (so  as  to  increase  the  guard  time 
against  adjacent  slot  overlap  and  also  to  have  a  proportionate  "on-time").  Also  refine¬ 
ments  are  made  in  the  design  to  make  it  mere  generally  useful  (the  timing  *s  compatible 
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with  civilian  systems,  the  waveform  parameters  are  more  nearly  compatible  than 
before  with  62 IB  NAVSAT  design  and  the  DSCS  satellite  design,  and  the  random  access 
mode  is  designed  for  more  general  purpose  use).  It  should  be  noted,  however,  that 
though  the  modifications  impre. o  performance  in  the  areas  indicated,  they  are  not 
achieved  without  some  accompanying  disadvantages  (significantly  longer  frame  times 
and  buffer  storage  requirements,  long  sync  times  or  special  sync  procedures  in  cases 
where  because  of  interference  or  fading  one  needs  to  allow  more  than  one  slot  for 
synchronization,  and  a  need  for  higher  peak  power  transmitters  so  as  to  realize  a 
peak-to~average  power  trade  against  jamming. ) 

Relative  to  the  type  of  waveform  description  given  in  Section  4, 2,  one  can  des¬ 
cribe  the  modified,  basic  signal  structure  as  follows  in  Figure  4-30,  It  indicates  a 
burst  length  of  40  microseconds  (down  only  slightly  from  the  previous  value  of  60 
microseconds)  so  as  to  minimize  the  effects  of  multipath  ringing  in  near-far  situations 
(should  the  individual  bursts  be  transmitted  in  a  given  uncoordinated  mode),  36  bits  of 
information  and,  therefore,  72  encoded  digits  in  a  burst  (this  is  much  greater  than  the 
previous  value  of  3  bits  because  with  more  TDMA  slots  one  must  send  at  a  higher  rate 
in  each  slot),  and  8  chips  of  PN  for  each  digit  (this  should  still  be  adequate  to  discrimin 
ate  against  multipath  intersymbol  interference;  the  previous  value  was  10  PN  chips) 
giving,  therefore,  a  channel  bandwidth  of  14, 4  MHz. 

Range  measurement  is  performed  with  this  waveform  by  measuring  the  clock 
phase  of  the  14. 4  MHz  PN  signal  for  a  basic  range  accuracy  of  70  feet;  however,  by 
processing  one  can  range  to  a  fraction  of  this.  For  even  greater  range  precision  (to 
less  than  6  feet)  the  design  here  would  measure  the  carrier  phase  of  a  sidetone  modula¬ 
tion  of  this  waveform,  using  the  coherent  frequency  hopping  implementation  concept 
described  previously. 

Figure  4-30  then  is  the  basic  waveform  structure  for  each  frequency-time 
pattern  in  which  the  transmitted  frequency  is  held  constant  over  a  40  microsecond 
burst  length.  The  design  here  provides  for  10  such  frequency-time  patterns  in  paral¬ 
lel,  giving,  therefore  a  system  bandwidth  of  144  MHz, 

The  basic  signal  structure  of  Figure  4-30  is  formatted  (this  means  the  nature  of 
the  sequence  of  such  bursts  on  a  frequency-time  pattern)  differently  for  the  various 
modes  so  as  to  optimize  corresponding  performance.  Figure  4-31  indicates  the 
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Figure  4-30.  Basic  Signal  Structure 

formatting  for  the  direct  mode,  2400  bps  COM.  Each  direct  mode  COM  access  trans¬ 
mits  in  an  allocated  TDMA  slot  on  a  frequency-time  pattern.  The  frequency  is  held 
constant  for  the  slot  duration  so  that  hopping  occurs  every  6  milliseconds  or  at  167  hps. 
Tho  slotting  and  hopping  in  each  of  the  parallel  f-t  (frequency-time)  patterns  are  coor¬ 
dinated  with  each  other.  The  TDMA  slot  is  6  milliseconds,  of  which  4  milliseconds 
represents  "on-time"  for  the  transmission  of  100  successive  bursts  of  the  basic  signal 
structure,  and  the  remainder  is  guard  time.  A  total  of  3600  bits  is  sent  in  a  TDMA 
slot.  The  first  8  bits,  or  corresponding  16  digits,  constitute  a  sync  preamble  whereas 
the  remaining  bits  are  information-bearing,  The  idea  is  that  under  nominal,  or 
Gaussian  noi3e,  conditions  one  should  be  able  to  acquire  sync,  over  as  much  as  1. 8 
millisecond  uncertainty,  with  this  preamble  using  a  digital  matched  filter  (since  8  PN 
chips  constitute  one  digit  the  length  of  the  preamble  means  a  128  bit  digital  matched 
filter  if  one  excludes  implementation  losses).  The  average  false  alarm  sync  probab- 
bility  would  be  small  (10  ’ )  and  the  probability  of  sync  detection  in  one  try  would  be 
about  90  percent.  After  sync  preamble  acquisition  the  receiver  should  be  able  to  hold 
sync  for  the  short  slot  on-time  of  4  milliseconds.  A  new  sync  acquisition  attempt  is 
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Figure  4-31.  Direct  Mode  2400  BPS  COM. 

made  in  the  slot  in  each  succeeding  frame.  Linear  PN  decorrelation  is  used  in  the 

receiver  after  sync  acquisition,  with  the  digital  matched  filter  used  only  for  the  latter 

purpose.  The  information  bit  detection  error  probability  after  sync  acquisition  and  for 

-5 

the  same  Gaussian  noise  conditions  is  10  . 


Now  for  2400  bps  COM  there  are  about  250  TOMA  slots  in  a  frame  of  1,  5  seconds 
on  each  frequency-time  pattern.  System  capacity ^for  10  parallel  patterns  then  is  up  to 
2500  of  these  2400  bps  accesses.  Actually,  as  will  be  discussed,  later,  a  small  portion 
of  thi3  capacity  should  be  reserved  for  a  random  access  signal! .  ng  function,  for  ILS 
and  NAVSAT  transmissions,  and  for  incorporating  the  remote  vnode  in  the  same  fre¬ 
quency  band  as  the  direct  mode.  Also,  some  of  the  2400  bps  capacity  could  be  exchanged 
for’  equivalent  75  bps  surveillance  net  operations  or  for  higher  bit  rate  data  capability. 

Now  the  above,  direct  mode  COM  design  uses  a  redundancy  of  16  to  1  in  a  slot 
(PN  plus  error  correction)  achieves  a  67  percent  slot  stacking  efficiency,  and  provides 
coordinated  accesses  to  up  to  2500  f-t  slots  that  are  pseudorandomly  permuted.  The 
direct  mode  performance  that  is  obtained  because  of  this  can  be  summarized  as  follows: 
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V  (1)  Multipath  interference  is  combatted  whether  it  be  in  the  iora  of 

intersymbol  interference  (both  the  PN  coding  and  sequential  decod¬ 
ing  are  effective),  fading  (the  sequential  decoding  and  frequency  hop 
diversity  are  primarily  effective) ,  or  ringing  due  to  backscatter 
(the  use  of  coordinated  TDMA  slots  is  primarily  the  factor). 

(2)  Wide  dynamic  range  operation  ia  possible  for  large  clusters  of 
terminals.  That  is,  since  we  have  250  TDMA  slots  on  an  f-t 
pattern  and  since  the  2  millisecond  slot  guard  time  assures  no  slot 
overlap  for  users  in  a  300  mile  terminal  area,  then  ideally  up  to 
250  terminals  in  a  cluster  can  operate  side-by-side  (greater  than 
100  db  dynamic  range)  without  mutual  interference.  For  terminals 
on  parallel  f-t  patterns,  a  more  modest  (e.  g, ,  80  db)  but  significant 
dynamic  range  of  operation  is  possible  with  respect  to  each  other. 
(This  depends  on  practical  implementation  capabilities  for  frequency 
division  multiple  access). 

(3)  Equipment  time  sharing  (one  transceiver  for  operation  in  the 
different  modes,  nets,  and  links)  is  facilitated  by  the  TDMA  aspect. 

(4)  A  total  processing  gain  of  48  db  is  available  against  external  inter¬ 
ference  such  as  jamming.  This  requires  that  a  24  db  peak-to- 
average  power  trade  (250  K W  peak  power  for  one  KW  average)  be 
realized,  however. 

(5)  As  indicated  above,  a  relatively  high  system  capacity  (2500  of  the 
direct  mode  2400  bps  accesses)  results  even  with  the  simultaneous 
presence  of  the  different  interferences. 

(6)  The  parameters  involved  have  compatibility  with  civilian  system 

* 

interfaces  as  discussed  in  a  pertinent  information  document. 

Also  as  will  be  discussed  later  the  waveform  parameters  are  com¬ 
patible  with  the  621B  NAVSAT  type  of  design  and  with  the  DSCS 
Phase  n  and  advanced  satellite  type  of  design. 

For  direct  mode  operation  of  groups  of  accesses  at  bit  rates  other  than  2400 
bps,  the  typical  scheme  would  be  to  assign  more  time  slots  (for  higher  bit  rates)  or 

{  F,  Diamond  and  A,  Kunze,  "A  Basic  Format  for  Integrated  CNI  Systems, "  Rome 

v  Air  Development  Center  memorandum. 
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fewer  time  slots  (lower  rates  -  fewer  time  slots  also  mean  a  longer  frame  time)  in  a 
given  time  interval,  as  the  case  may  be.  System  slotting  efficiency  is  not  changed  in 
this  way  and  the  implementation  is  simple.  However,  plausible  exceptions  to  this 
procedure  are  as  follows: 

(1)  For  non-vocoded  voice;  e.g. ,  19. 2  kbps  delta-modulated  voice,  the 
higher  redundancy  inherent  in  the  digitized  voice  signal  would  allow 
operation  at  a  higher  channel  DPSK  bit  error  rate.  As  described 
inSection  7.3.3  of  Volumell.  data  obtained  by  Magnavox  in  tests  at 

Ft.  Huachuca  indicate  a  10  percent  bit  error  rate  gives  better 

than  90  percent  speech  intelligibility.  The  rate  1/2  sequential 
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decoding  (a  5  percent  bit  error  rate  in  gives  10  error  rate  out) 
should,  therefore,  be  deleted  for  this  voice  application,  meaning 
then  that  one  needs  to  preempt  8  times  the  number  of  time  slots 
rather  than  16  times  as  compared  to  2400  bps  vocoded  voice.  The 
system  direct  mode  capacity  would  then  be  312  delta-modulated 
voice  accesses  as  compared  to  2500  vocoded  (2400  bps)  voice 
accesses.  Because  multipath  intersymbol  interference  can  be  of 
equal  strength,  or  greater,  as  compared  to  the  direct  path,  one 
would  not  seek  to  eliminate  the  PN  coding  in  addition  so  as  to 
economize  further  on  time  slots  (the  bit  error  rate  could  then 
approach  0,5,  an  obviously  intolerable  value). 

(2)  For  low  bit  rate  data;  e,  g. ,  75  bps,  if  one  assigned  32  times  fewer 
time  slots  per  access,  the  frame  time  would  be  correspondingly 
longer;  i.e.,  32  x  1, 5  =  48  seconds.  The  system  direct  mode 
capacity  could  be  up  to  80, 000  of  these  low  bit  rate  accesses. 

Though  the  FH/PN/TH  waveform  design  here  is  basically  a  slot-coordinated  one, 
it  appears  desirable  to  include  in  the  direct  mode  a  limited  capacity  for  uncoordinated 
waveform  transmission  (but,  of  course,  using  the  same  basic  signal  structure).  Exam¬ 
ples  of  plausible  use  for  such  a  capability  include: 

(1)  •  Low  bit  rate  signalling  to  obtain  slot  assignments  given  that  one 

must  provide  more  addresses  than  there  are  slots,  or  that  an  air¬ 
craft  in  special  circumstances  just  does  not  have  the  slotting 
information. 


(2)  Random  access  type  of  IFF  for  situations  where  it  is  operationally 
not  desired  or  not  possible  to  have  all  aircraft  in  coordinated  slots  - 
also  for  this  random  access  type  of  IFF  one  may  want  to  form  each 
aircraft  instantaneous  address  in  accordance  with  his  known  instan¬ 
taneous  NAV  position  so  that  because  of  the  large  number  of  possible 

,  addressed  one  has  to  use  uncoordinated  slot  transmissions. 

(3)  Transfer  of  precise  timing  corresponding  to  an  accuracy  much 
better  than  the  unknown  propagation  delay  of  the  given  aircraft  to 
another  terminal  -  this  will  be  for  special  situations  such  as  where 
the  aircraft  clock  has  failed  or  there  is  a  long  interval  between  up¬ 
dates.  The  transfer  of  timing  process  involves  transponder  ranging 
by  the  aircraft  using  uncoordinated  slots. 

(4)  Emergency  or  special  sync  acquisition  mode  so  as  to  obtain  sync 
in  a  short  time.  This  would  be  for  special  interference  situations 
(such  as  intelligent  jamming  or  fading)  where  one  cannot  reliably 
acquire  sync  in  the  normal  way  using  the  sync  preamble  in  one 
TDMA  slot,  so  that  multiple  tries  in  each  successive  1. 5  second 
frame  would  otherwise  have  to  be  made.  The  use  of  uncoordinated 
slots  for  random  access  sync  would  allow  multiple  independent  slot 
tries  to  be  made  in  a  short  time.  After  acquiring  initial  sync  this 
way,  one  can  plausibly  switch  to  the  slot-coordinated  TDMA  mode 
and  maintain  sync  track  in  this  mode. 

The  formatting  for  the  random  access  mode  involves  sending  individual  40 
microsecond  bursts  in  pseudorandomly  selected  burst  intervals  (rather  than  sending 
a  continuous  sequence  of  them)  and  hopping  the  frequency  from  burst-to-burst.  The 
idea  is  to  randomize  the  burst  slot  selection  in  both  frequency  and  time  for  each  burst 
and  to  design  for  a  capacity  corresponding  to  fractional  occupancy  of  all  the  slots.  All 
accesses  in  this  mode  are  uncoordinated  in  their  burst-slot  selection.  Repetition  cod¬ 
ing  (which  is  also  combined  with  e:\r.or  correction  coding  for  transmission  of  significant 
data)  then  protects  against  burst  errors  such  as  caused  by  strong  multiple  access  inter¬ 
ference  or  fading.  The  PN  coding  in  a  burst  is  not  effective  against  the  very  strong 
interferers  (10  db  or  more  stronger).  However,  for  the  average  case  where  half  the 
interferers  are  weaker,  it  aids  in  doubling  capacity  over  the  worst  case  situation. 
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Nevertheless,  the  PN  coding  discrimijiatoj  against  other  types  of  interference  within  a 
burst;  In  particular  against  multipath  intersymbol  interference. 

The  waveform  design  here  would  multiplex  the  random  access  burst  transmis¬ 
sions  in  6  millisecond  TDMA  slots  {using  all  parallel  f-t  patterns  for  that  slot  time)  that 
are  exclusive  for  this  purpose  but  that  are  interleaved  with  the  TDMA  slots  for  the  main 
coordinated  COM  waveform  transmissions.  Figure  4-32  indicates  the  multiplexing  and 
formatting  of  the  random  access  mode  that  is  arbitrarily  indicated  as  using  every  tenth 
TDMA  slot.  Now  in  a  TDMA  slot  "on-time,"  of  4  milliseconds,  there  are  100  of  the 
40  microsecond  burst  slot  intervals  available,  and  with  10  parallel  f-t  patterns  one  then 
has  a  total  of  1000  burst  f-t  intervals.  A  plausible  system  design  would  allow  for  an 
average  occupancy  of  all  slots  of  10  percent  so  that  the  multiple  access  interference 
probability  for  the  worst  case  of  all  strong  interferers  would  also  be  10  percent.  For 
the  case  of  random  access  data  transmission  where  error  correction  coding  is  used 
(and  bits  are  interleaved  over  subsequent  bursts)  the  slot  interference  probability  of 

_g 

10  percent  still  allows  a  10  data  bit  error  rate  out.  For  the  case  of  random  access 
sync  acquisition  attempts,  the  design  for  a  10  percent  slot  hit  probability  means  that  it 
takes  only  two  repetitions  to  get  a  99  percent  success  probability  and  a  corresponding 
number  of  additional  repetitions  for  further  reliability,  all  of  which  seems  like  a  plaus¬ 
ible  design.  Similarly,  the  case  of  random  access  ranging  transmissions  and  of  low- 
bit  data  (one  burst  of  36  bits  could  be  a  whole  message)  transmissions  (such  as  for  ran¬ 
dom  access  IFF)  the  10  percent  probability  means  that  only  a  few  repetitions  are 
needed  for  a  reasonable  design  probability  of  success.  Now  the  interpretation  of  the 
10  percent  slot  occupancy  in  terms  of  the  number  of  simultaneous,  independent  accesses, 
of  course,  depends  on  the  length  of  the  messages  being  handled  and  on  the  design  proba¬ 
bility  of  success  that  is  desired.  As  an  illustration,  it  can  allow  for  10  percent  of  all 
the  2500  direct  mode  COM  accesses  in  a  worst  case  interference  environment  to  make 
a  random  access  sync  acquisition  attempt  in  a  1. 5  second  frame,  and  with  10  repeated 
transmissions  made  for  each  sync  so  as  to  achieve  high  reliability.  Alternately,  the 
random  access  mode  can  accommodate  up  to  250  separate,  random  access,  IFF  queries 
in  a  worst  case  interference  environment  and  in  a  1. 5  second  interval  with  10  repetitions 
of  each  query  made  for  increased  reliability.  As  a  further  alternate  example,  the  ran¬ 
dom  access  mode,  with  the  parameters  indicated  in  Figure  4-32,  would  allow  25  random, 

2400  bps  COM  accesses  (in  this  case  the  bursts  are  not  repeated  but  bit  interleaving  and 
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error  correction  coding  are  used  to  achieve  a  10  bit  error  rate)  in  a  worst  case 
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Figure  4-32',,  Random  Access  Operation  with  Respect  to  the 
Direct  Mode  COM  Traffic. 

interference  environment.  As  indicated  previously  this  capacity  is  doubled  for  the 
average  case  interference  environment. 

* 

For  the  ILS  mode,  the  referenced  information  document  indicates  that  a 
civilian  compatible  design  could  be  one  that  uses  a  separate  parallel  f-t  pattern,  and 
that  30  millisecond  intervals  are  allowed  on  a  TDMA  basis  for  az  broadcast,  el  broad¬ 
cast  (both  broadcasts  are  by  a  scanning  beam  ground  transmitter),  and  active  ranging 
by  the  aircraft.  For  the  waveform  design  here,  the  az  and  el  broadcasts  would  use  a 
40  microsecond  burst  (as  per  Figure  4-30)  for  each  transmission  (done  every  150 
microseconds)  and  employ  position  modulation  of  the  burst  (a  deviation  of  40  to  120 
microsecv  nds)  to  convey  angular  pointing  information  (as  indicated  in  the  referenced 
information).  Also,  to  avoid  the  need  for  stable  clocks  a  reference  burst,  in  addition 
to  the  position-modulated  burst,  must  be  transmitted  each  time.  Now  though  our 
sequence  length  of  40  microseconds  (needed  only  to  be  common  with  our  waveform  for 
the  rest  of  CNI)  is  much  longer  than  the  pulse  widths  for  the  corresponding  civilian 

* - - 

F,  Diamond  and  A.  Kunze,  op.  cit. 
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IIiS  system  for  az-el  broadcasts,  the  PN  coding  of  our  bits  allow  us  to  resolve  a 
position-modulated  burst  with  respect  to  the  reference  burst  down  to  one  chip  width  or 
even  less.  For  14.4  MHz  PN  bandwidth  this  is  better  than  0. 07  microseconds.  This 
position  measurement  capability  then  is  compatible  with  an  ILS  that  represents  1  degree 
of  motion  in  8  microseconds,  and,  therefore,  represents  the  required  angular  accuracy 
of  0.05  degrees  by  0.4  microseconds.  The  6  to  1  greater  capability  our  waveform  has, 
can  be  taken  advantage  of  either  by  an  ILS  antenna  with  greater  coverage  or  by  a  system 
requiring  greater  angular  accuracy  than  0. 05  degrees. 

For  active  ranging  in  30  milliseconds  by  all  aircraft  in  a  20  mile  landing  zone  (the 
RTCAdata.  on  IIS  described  in  Section  7.7.2  ofVolume  If  indicates  in  worst  cases  that  up 
to  50  aircraft  may  be  there)  TDMA  of  all  aircraft  rangingtransmissions  is  used.  Also,  the 
ILS  transponder  replies  on  the  same  frequency  it  receives  on  but  with  one  interval  of  delay. 
This  latter  tj  - concept  means  demodulation  and  remodulation  in  the  transponder  (since  we 
wish  to  avoid  an  RF  delay  line  implementation) .  An  alternative  fj  -  i<i  concept,  for  which 
linear  frequency  translation  is  used  and  no  demodulation  is  required,  is  not  feasible  here 
given  that  ILS  will  be  in  the  same  frequency  band  as  the  rest  of  CNI  (with  just  10  parallel 
frequency-time  patterns  an  inadequate  channel  separation  is  available  to  make  the 
f^  -  f2  concept  feasible).  Figure  4-33  indicates  the  waveform  formatting  for  ILS  rang¬ 
ing  with  the  TDMA  concept  here.  As  seen  a  single  40  microsecond  burst  is  transmitted 
by  each  aircraft  in  his  TDMA  slot,  which  is  300  microseconds  wide.  The  guard  time  of 
260  microseconds  which  exists  in  each  slot  is  adequate  to  avoid  adjacent  slot  overlap 
interference  between  a  transponded  replay  and  an  interrogation  for  aircraft  that  are  20 
miles  out  in  the  landing  zone.  Also,  the  slot  size  accommodates  ranging  by  50  aircraft 
in  30  milliseconds,  as  indicated  in  Figure  4-33  with  a  new  range  fix  (and  also  az-el 
fix)  being  obtained  every  0. 18  seconds.  Since  36  bits  of  information  can  also  be  trans¬ 
mitted  with  each  burst  the  scheme  here  also  provides  a  data  link  of  200  bps.  The 
single  pattern  which  is  used  for  the  ILS  function  is  hopped  at  Lie  same  hop  rate  as, 
and  in  coordination  with,  the  rest  of  CNI.  The  permutation  through  10  f-t  p: items  at 
least  gives  some  protection  against  burst  errors. 

Now  transponder  ranging  with  the  basic  waveform  structure  of  Figure  4-30,  and 
using  just  a  measurement  on  the  PN  clock  phase,  gives  an  accuracy  better  than  70  feet 
(a  PN  chip  width).  One,  of  course,  would  already  have  this  accuracy  from  the  NAVSAT 
system  upon  entering  the  landing  zone.  To  achieve  the  required,  increased  accuracy 
of  6  feat,  two  alternatives  are  plausible  with  the  waveform  structure  here.  O.ie  can 
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Figure  4-33.  ILS  Active  Hanging  and  Beam  Rider  Waveform 
as  Seen  at  the  Transponder. 

depend  on  a  strong  enough  transmitter  to  give  a  21  db  S/N  and,  thus  allow  one  to 
measure  range  theoretically  to  1/12  of  a  PN  chip  width.  Alternately,  a  100  MHz  side- 
tone  modulation  of  our  basic  waveform  structure  is  used,  and  the  carrier  phase  of  the 
demodulated  sidetone  is  used.  For  the  parameters  of  the  ILS  design  here,  where  one 
would  range  on  a  single  40  microsecond  burat  of  sidetone,  DSBSC  modulation  by  the 
sidetone  (rather  than  the  SSBSC  discussed  in  Section  4, 2. 1. 10)  can  be  employed  with 
tone  extraction  for  the  range  measurement.  This  would  require  then  that  actually  two 
parallel  f-t  patterns  at  the  edges  of  the  band  (though  they  are  50  MHz  from  the  refer¬ 
ence  frequency  they  are  spaced  by  100  MHz)  be  used  for  ILS,  The  SS3SC  described 
previously  would  compare  phase  over  pulses  separated  by  0. 18  second,  and  this  may  be 
an  excessive  separation  for  practical  use. 

As  mentioned  above,  demodulation  and  remodulation  is  performed  at  the  ILS 
transponder.  It  comprises  frequency  dehopping,  PN  decorrelation,  sidetone  demodula¬ 
tion  mvd  phase  memory  in  a  phase-lock  loop,  and  then  corresponding  remodulation  of 
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the  sidetone,  PN  re-correlation,  and  frequency  re-hopptng.  The  implementation  is 
indicated  in  Figure  4-37.  It  is  actually  similar  to  that  for  satellite  processing,  as  in 
Figure  4-38  except  that  the  latter  does  not  perform  sidetone  demodulation  and  remod¬ 
ulation;,  Also  as  seen  from  Figure  4-37  the  implementation  is  not  really  complex.  The 
reason  Is  that  all  aircraft  already  have  NAVSAT  information  so  that  they  are  already 
in  sync  with  the  PN  generator  and  frequency  hopper  in  the  transponder.  Therefore, 
only  one  of  the  latter  is  required  to  process  all  the  aircraft.  Also,  the  same  generator 
and  hopper  can  be  used  for  the  remodulation  process  at  the  transponder. 

For  remote  mode  COM  the  formatting  concept  is  the  same  as  that  in  Section 
4. 2, 1  except  that  the  modified  waveform  here  will  have  the  satellite  accesses  inter¬ 
leaved  on  a  40  microsecond  burst  basis  rather  than  a  60  microsecond  one.  Also,  250 
accesses  are  TDMA -combined  on  a  single  f-t  pattern  in  a  25  millisecond  frame  inter¬ 
val.  The  frequency  hop  interval  is  still  6  milliseconds,  however,  as  in  the  direct 
mode.  The  basic  formatting  concept  involved,  and  which  has  not  been  changed  here, 
is  that  since  propagation  delay  on  each  link,  to  the  satellite  can  be  predicted  accurately 
one  does  not  need  any  significant  guard  time  in  adjacent  TDMA  slots,  and,  therefore, 
these  can  be  made  smaller,  such  as  equal  to  the  burst  interval  length.  What  one  gains 
because  of  this  is  that: 

(1)  Since  the  frequency  on-time  of  the  signal  transmitted  from  any  one 
access  is  much  shorter  (150  times  less)  less  opportunity  exists  for 

an  intelligent  uplink  jammer  to  intercept  and  analyze  the  instantaneous 
frequency  in  u3e  so  that  he  can  concentrate  his  power  on  that  one 
frequency,, 

(2)  The  frame  time  for  each  signal  access  is  also  much  shorter  now 
(100  times  les.';)  so  that  one  can  more  easily  design  for  interleaving 
of  bits  over  successive  frames  to  give  diversity  against  partial  slot 
jamming,  multipath  fading,  and  sync  burst  errors.  That  is,  the 
buffer  storage  problem  is  simplified  in  this  regard  (though  one 
cannot  do  this  in  the  direct  mode,  presumably  these  factors  are 
less  likely  to  be  a  problem  so  that  one  does  not  have  to  do  anything 
to  combat  them). 

(3)  With  a  40  microsecond  on-time,  the  ability  to  make  a  peak-to- 
average  power  trade  (and,  thus,  gain  AJ  processing  gain)  is 


) 
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facilitated,  as  compared  to  the  case  where  one  has  an  on-time  of 
4  milliseconds. 

(4)  In  the  case  of  sync  acquisition  (special  cases  of  sync  reacquisition 
are  what  are  meant  here  in  the  satellite  mode)  the  total  time  it 
takes,  including  repeated  attempts  for  the  case  of  severe  inter¬ 
ference,  will  be  shorter  since  the  frame  time  is  shorter. 

Figure  4-34  indicates  the  signal  formatting  for  remote  mode  COM  as  just 
discussed. 


With  the  modified  parameters  of  the  current  waveform  design,  new  advantages 
in  satellite  COM  result  over  the  design  in  Section  4,2,1,  Namely,  since  all  accesses 
(up  to  250)  can  be  accommodated  on  a  TDMA  basis  on  a  single  carrier,  we  gain  all  the 
added  advantages  of  this  type  of  multiplexing: 


(1)  Each  access  obtains  full  use  of  satellite  power  in  its  time  slot  and 
there  are  no  intermodulation  and  power  control  problems.  All 
these  are  of  advantage  for  the  case  of  a  power-starved  satellite 
downlink. 
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(2)  Since  we  have  no  power  control  problems  and  since  a  single  f-t 
pattern  is  involved  the  satellite  can  consist  of  a  straight-through, 
hard-limited  repeater  in  the  clear  mode. 

(3)  In  the  case  of  uplink  jamming,  for  the  case  of  a  satellite  which  is 
power-rather  than  bandwidth -limited,  the  processing  one  would 
provide  in  the  satellite  (frequency  dehopping  and  PN  decorrelation; 
see  Figure  4-38)  need  involve  only  one  IF  channel  rather  than  10 
as  previously. 

(4)  For  power-starved  downlinks  a  single  2  degree  satellite  antenna 
beam  can  be  time-hopped  and  shared  among  the  different  accesses 
requiring  it  (it  irs  noted  that  though  connectivity  is  denied  to  these 
small  terminals  by  use  of  a  narrow  beam  they  probably  do  not  need 
the  connectivity  anyway  for  normal  COM.  For  other  terminals  that 
need  the  connectivity  and  have  directive  antennas,  the  set  of  all 
satellite  downlink  signals  can  bo  sent  redundantly  in  parallel  on  an 
earth  coverage,  broadcast,  beam). 

(5)  Similarly  to  discriminate  via  narrow  antenna  beams  against  uplink 
jamming,  a  single  narrow  satellite  beam  can  be  time-hopped  and 
time  shared  among  the  different  small  aircraft  accesses, 

(6)  A  TDMA-type  of  signal  format  here  makes  the  waveform  more 
nearly  compatible  with  DSCS  Phase  II  and  advanced  satellite  design 
concepts. 

The  remote  mode  COM  f-t  pattern  just  discussed  for  this  waveform  design 
concept,  is  in  the  same  frequency  band  as,  and  in  parallel  with,  the  f-t  patterns  in  use 
by  the  direct  mode  COM.  This  is  the  case  for  the  satellite  downlink  whereas  the  satel¬ 
lite  uplink  would  be  in  a  separate  frequency  band.  The  satellite  downlink  f-t  pattern  is, 
however,  hopped  in  a  coordinated  basis  with  the  direct  mode  traffic  over  the  10  parallel 
f-t  patterns.  The  reasons  for  multiplexing  the  remote  mode  COM  on  this  FDMA  basis, 
rather  than  say  on  a  TDMA  basis  with  the  direct  mode  are: 
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(  (1)  By  making  the  satellite  "on-time"  designed  Tor  almost  100  percent 

duty  cycle  (whereas  a  TDMA  basis  would  have  a  33  percent  duty 
factor),  efficient  use  is  made  of  satellite  power, 

(2)  As  discussed  previously,  short  frame  times  can  be  designed,  with 
all  the  attendant  advantages  indicated,  whereas  a  TDMA  basis 
would  make  the  satellite  frame  times  the  same  1, 5  seconds  as  the 
direct  modes. 

As  for  dynamic  range  problems  with  regard  to  receipt  of  the  satellite  downlink 
signal,  when  there  are  adjacent,  strong  direct  mode  transmitters,  coordinated  alloca¬ 
tion  of  slots  should  help  the  situation.  After  all,  the  typical  aircraft  terminal  does  not 
have  to  receive  on  all  slots,  and  there  are  250  of  them  on  an  f-t  pattern. 

For  remote  mode  NAV  a  separate  broadcast  f-t  pattern,  that  is  in  the  same 
frequency  band  as  the  direct  mode,  is  used  by  all  4  NAVSAT's  (a  621B  configuration 
is  assumed)  on  an  uncoordinated  basis  with  respect  to  each  other.  The  satellites' 
broadcast  ranging  signal  continually  and  of  the  same  signal  structure  as  in  Figure  4-30. 
r  The  information  modulation  of  36  bits  on  each  burst  is  sent  repetitively.  Ranging  is 

done  solely  by  measuring  the  clock  phase  of  the  PN  in  each  burst  transmission.  Side- 
tone  ranging  is  not  used  in  the  NAVSAT  mode.  Each  NAVSAT  transmission  is  pro¬ 
cessed  by  the  receiver  sequentially  and  for  an  equal  share  of  the  time  in  each  1  second 
fix  interval  that  the  receiver  is  not  programmed  to  process  COM  or  IFF  signals  (one 
time  shares  one  receiver  for  the  different  functions),  A  100  Hz  bandwidth  NAV  receiver 
processing  is  assumed  (a  10  millisecond  continuous  portion  of  the  NAVSAT  ranging  sig¬ 
nal  is  processed)  to  get  an  E/Nq  of  7  db  (sufficiently  positive  to  get  in  the  linear  region 

of  the  phase  lock  loops,  and  also  adequate  value  for  detection  of  error  correction  coded 
-5 

bits  to  10  error  rate).  The  range  measurement  possible  with  a  14.,  4  MHz  PN  signal  in 
this  10  millisecond  look  interval  is  30  feet  (to  less  than  1/2  a  PN  chip  interval).  A 
total  of  25  such  repeated  measurements  of  range  to  each  NAVSAT  are  available  in  the 
portion  of  a  range  fix  interval  that  the  receiver  is  tuned  to  each  NAVSAT.  Digital  pro¬ 
cessing  of  these  multiple  measurements  will  improve  the  ranging  accuracy  of  30  feet 
indicated  for  just  ideal  Gaussian  noise  (ideally  6  feet  is  achievable,  but  because  of  the 
digital  nature  of  the  processing,  the  results  will  not  be  this  good).  Also,  for  other 
interference  environments,  such  as  multipath  fading,  the  digital  processing  of  the 
s  multiple  measurements,  which  each  experience  independent  fades  will  enhance  perfor¬ 

mance.  Furthermore,  it  should  b?  noted  that  the  use  of  a  100  Ez  bandwidth  for  each 
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NAV  measurement  (and  allowing  ihe  multiple  looks  possible  in  an  extended  measurement 
time  to  be  processed  digitally  rather  than  before  detection)  allows  the  track  loop  to  hold 
lock  under  severe  range  accelerations  without  the  aid  of  an  inertial  platform.  Figure 
4-35  indicates  the  NAVSAT  signal  structure  as  just  described. 

Ideally,  one  would  hop  the  NAVSAT  f-t  pattern  over  the  20  parallel  ones  so  as 
to  get  a  frequency  diversity  against  various  types  of  interference.  However,  for  the 
design  here,  this  would  require  overlaying  NAVSAT  signals  on  the  direct  mode  on  an 
uncoordinated  basis,  or  else  coordinating  the  hopping  with  the  direct  mode  on  a  very 
slot  basis;  e.g.,  every  few  hundred  milliseconds.  In  the  former  case  one  has  only  the 
2  millisecond  slot  guard  times  (in  each  TDMA  slot)  as  the  unused  portion  of  system 
slotting  to  get  the  NAVSA  T  signals  through  (one  cannot  just  process  out  the  in-slot  inter¬ 
ference  by  the  direct  mode  since  in  worst  cases  it  can  be  over  100  db  stronger),  plus 
one  also  has  the  random  access  slots  which  are  only  1/10  of  all  slots.  This  would  all 
require  almost  5  db  more  NAVSAT  power  budget  against  Gaussian  noise  and  also  the 
ability  tc  amplitude-discriminate  against  direct  mode  interference  (since  one  does  not 
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Figure  4-35,  Transmitted  Signal  Format  for  Remote  Mode  Navigation, 


knew  where  ir  a  slot  the  2  millisecond  off-time  will  occur  owing  to  propagation  delay 
uncertainties).  In  the  latter  case  the  slow  rate  of  hopping  coordination  allowed  may  not 
give  any  frequency  diversity  in  the  1/4  second  or  so  of  time  in  which  a  receiver  is  tuned 
to  a  NAVSAT.  The  former,  therefore,  would  seem  to  be  a  more  promising  design. 
However,  for  simplicity  reasons  the  waveform  design  in  this  section  assumes  that  the 
NAVSAT  frequency-time  pattern  is  fixed  (i,  e. ,  no  hopping,  at  least  on  a  daily  basis). 
Now,  though  the  4  NAVSAT' e  co-use  a  frequency -time  pattern,  their  mutual  interfer¬ 
ence  to  each  other  has  a  dynamic  range  of  only  6  db  or  so  (plus  antenna  pattern  varia¬ 
tions).  It  is  easily  processed  out  in  the  receiver. 

Figure  4-36  indicates  the  multiplexing  of  all  the  functions  that  have  been 
discussed  in  one  144  MHz  frequency  band,  with  the  exception  that  the  satellite  uplinks 
are  in  a  separate  frequency  band  and  are  not  shown  (just  iho  COMSAT  and  NAVSAT 
downlinks  are  indicated  in  Figure  4-36).  Indicated  is  the  situation  where  the  NAVSAT's 
are  on  a  fixed  f-t  pattern  (not  hopped  with  the  rest  of  CNI),  and  also  where  ILS  is  on  a 
single  fixed  f-t  pattern.  Because  it  is  not  difficult,  the  option  exists  of  actually  hopping 
the  ILS  frt  pattern  in  coordination  with  the  rest  of  CNI.  Also,  if  coherent  sidetone 
ranging,  together  with  DSBSC  modulation  of  the  sidetone,  are  implemented  then  2  f-t 
patterns,  rather  than  one,  would  be  needed  for  ILS.  Now  all  direct  mode  COM,  and 
the  satellite  downlink  COM  do  have  pseudorand omly  hopped  f-t  patterns  that  are  per¬ 
muted  with  each  other  in  a  coordinated  or  orthogonal  sense,  A  single  pattern  is  indi¬ 
cated  for  the  satellite  COM  whereas  just  7  f-t  patterns  are  indicated  for  direct  .mode 
COM  (the  previous  discussion  in  terms  of  10  patterns  or  2500  accesses  was  for  maxi¬ 
mum  direct  mode  capacity;  with  the  multiplexing  of  the  other  CNI  functions  in  the  same 
band  one  must  now  derate  this  capacity  for  the  direct  mode  COM).  The  patterns  involve 
permutation  of  frequencies  for  each  6  millisecond  slot  interval  (frequency  hopping  for 
COM,  therefore,  is  at  167  hps),  and  also  permutation  of  time  slots  in  each  frame  for 
TDMA  accesses  on  the  same  f-t  pattern.  It  is  noted  once  again  that  the  frames  are  of 
different  length  for  the  direct  and  satellite  modes  (1. 5  seconds  and  15  milliseconds, 
respectively),  and,  therefore,  the  time  slot  permutation  is  done  at  the  corresponding 
different  frame  rates.  The  permutation  of  time  slot  and  frequency  is  shown  in  Figure 
4-36  for  just  one  illustrative  direct  mode  f-t  pattern.  Also,  indicated  is  the  permuta¬ 
tion  of  just  frequency  for  the  total  set  of  satellite  COM  accesses  on  the  satellite  f-t 
pattern.  It  is  noted  that  the  time  slots  are  also  permuted  for  each  satellite  access. 

This  is  not  shown  on  Figure  4-36  because,  since  the  satellite  frame  is  much  smaller 
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Figure  4-36.  Multiplexing  of  CNI  Functions 


(15  milliseconds)  the  scale  would  be  much  smaller.  Now  for  each  2400  bps  COM 
pattern,  a  total  of  225  TDMA  accesses  are  indicated  though  previous  discussions  were 
in  terms  of  250.  That  was  for  maximum  capacity  but  since  we  ncrw  interleave  a  10  per¬ 
cent  random  access  capability,  indicated  in  Figure  4-36,  the  COM  capacity  must  be 
lowered  correspondingly,  A  total  of  1575  direct  mode  2400  bps  COM  accesses  thus 
result,  whereas  the  satellite  mode  with  a  single  f-t  pattern  has  a  total  of  225  COM 
accesses.  The  random  access  capability  indicated  in  Figure  4-36  uses  all  8  parallel 
f-t  patterns  in  each  of  the  6  millisecond  slots  allocated  to  it.  There  is  a  permutation 
in  the  slot  of  frequency  every  40  microseconds,  and  of  the  subtime  slot  (or  40  micro¬ 
seconds)  in  every  subframe  interval  (depending  on  the  use  one  makes  of  the  random 
access  function  the  frame  could  be  as  small  as  the  40  microsecond  subtime  slot  inter¬ 
val  or  typically  its  average  value  would  be  400  microseconds).  The  permutations  of  the 
different  random  accesses  are,  of  course,  uncoordinated  with  each  other.  The  total 
6  millisecond  time  slot  allocated  for  random  access  is,  of  course,  coordinated  with 
the  rest  of  COM  in  that  exclusive  slots  are  assigned  and  they  contain  a  2  millisecond 
guard  time.  The  average  spacing  of  the  allocated  random  access  time  slots  is  10  of 
the  6  millisecond  slots.  It  is  noted  that  the  actual  spacing  is  also  pseudorandomly 
varied  so  that  10  is  indeed  an  average  value. 

Let  us  consider  now  the  gross  functional  diagrams  for  the  modified  waveform 
design  here.  The  transceiver  diagrams  (both  transmitter  and  receiver)  indicated  in 
Section  4. 2, 1  for  the  previous  design  are  still  essentially  applicable  here,  and  there¬ 
fore  they  are  not  redrawn  (see  Figures  4-19  and  4-20).  It  is  noted,  however,  that  the 
coherent  frequency  synthesizer  and  sidetone  ranging  functions  indicated  in  the  trans¬ 
ceiver  diagrams  are  no  longer  needed  in  the  NAVSAT  mode.  Also,  it  is  noted  that 
since  the  implementation  intends  to  time  share  one  of  a  kind  of  each  piece  of  equipment, 
then  with  the  increased  use  of  TDMA  in  the  current  modified  design,  this  is  facilitated 
even  more.  Figure  4-37  indicates  the  ILS  transponder  processing.  Now,  relative  to 
satellite  waveform  processing,  Figure  4-38  here  give3  the  current  modified  description. 
Basically,  it  indicates  that  only  for  uplink  jamming  and  for  a  power-limited  satellite 
(rather  than  a  bandwidth-limited  one),  would  one  include  waveform  processing  in  the 
satellite.  Otherwise  in  the  clear  mode  the  satellite  functions  as  a  straight-through, 
hardlimited  repeater  (since  all  accesses  are  TDMA  multiplexed  on  one  f-t  pattern  and 
power  control  problems  therefore  no  longer  exist).  In  the  jam  mode  frequency  dehop¬ 
ping  and  PN  decorrelation  is  indicated  together  with  a  single,  IF-limiter  combination 
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Figure  4-37.  ILS  Transponder  Processing.  V 

so  as  to  reduce  the  jammer's  power  grabbing  effect  on  the  satellite.  Frequency 
rehopping  and  PN  recorrelation  is  also  indicated  for  the  retransmitted  signal  on  the 
downlink  primarily  so  as  to  make  this  signal  have  the  same  format  as  the  rest  of  CNI. 

One  also  obtains  processing  gain  in  this  way  against  interference  introduced  at  the 
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Figure  4-38.  Satellite  Waveform  Processing  (FH/PN/TH)  for  AJ,  _) 
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receiver  on  the  satellite  downlink.  A  single  frequency  synthesizer  and  PN  generator 
is  indicated  in  Figure  4-38  for  reasons  of  implementation  simplicity  in  the  satellite. 
This  does,  however,  require  that  all  uplink  apcess  signals  arrive  at  the  satellite  in 
sync  with  the  stellite  PN  generator  to  within  a  fraction  of  a  PN  chip.  This,  however, 
is  a  capability  which  the  NAVSAT  measurements  allow  the  aircraft  terminal  to  have 
so  that  the  problem  does  not  appear  to  be  a  limiting  one. 

Concerning  civilian  compatibility,  the  parameters  of  the  modified  waveform 

* 

presumably  provide  this,  based  on  the  referenced  information.  This  pertains  pri¬ 
marily  to  developments  for  collision  avoidance  and  ILS.  Now  in  regard  to  the  com¬ 
patibility  of  the  waveform  design  iu  the  sense  that  an  economical  civilian  version  can 
be  derived  from  it,  comments  and  Table  4-3  of  Section  4. 2. 1. 8  are  essentially  appli¬ 
cable  to  the  modified  waveform  design  except  perhaps  in  the  area  of  ranging.  Since 
the  design  here  basically  does  not  depend  on  coherent  sidetone  ranging,  but  uses  PN 
clock  phase  instead,  then  it  may  also  be  desirable  to  use  PN  for  the  civilian  version 
as  well.  One  would  then  retain  the  PN  for  the  COM  mode,  realizing  the  protection  it 
affords  against  multipath  intersymbo!  interference  and  against  transmitters  that  share 
the  same  slots,  - 


Diamond  and  Kunze,  op.  cit. 
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SECTION  V 


TECHNOLOGY  IMPLICATIONS 

The  impact  of  hardware  state  of  the  art  was  investigated  to  determine,  at 
least  in  a  qualitative  sense,  the  implications  of  technical  feasibility  fox  implementing 
the  preferred  waveform  described  above,  and  the  resultant  relative  cost,  complexity 
and  time  frame  thus  indicated.  The  results  of  the  investigation  could  then  be  weighted 
in  the  final  consideration  of  a  preferred  waveform  and  provide  a  technology  base  from 
which  to  design  a  ’’scaled  down  demonstration  transceiver/processor”  for  Task  A003. 
In  order  to  meet  the  above  objectives,  the  approach  taken  was  to  define  those  compo¬ 
nents  critical  to  any  waveform  to  be  considered  and  investigate  the  state  of  tho  art  of 
these  components.  Thus,  this  section  identifies  principal  components  (as  opposed  to 
a  functional  design  or  implementation  of  any  waveform)  for  the  most  part  and  some 
implementation  of  unique  techniques  with  general  usage  independent  of  the  specific 
waveform  chosen. 

In  the  conduct  of  the  investigation,  four  general  areas  were  identified  as 
critical  for  use  in  the  1-10  GH z  region  with  application  to  an  anticipated  CNI 
environment: 

«  Signal  reception 

•  Frequency  synthesis  for  hopping  modes 

•  Transmitters 

•  Logic  components  -  notably  LSI/MSI  technology 
These  ultimately  lead  to  four  component  categories, 

•  RF  amplifiers 

•  Frequency  hopping  synthesizers 

*■  High  power  traveling  wave  tubes 

•  Logic  components 

each  of  which  are  discussed  in  the  following  paragraphs. 


5.1  TECHNOLOGY  GAPS 


Results  of  the  investigation  indicated  there  were  gaps  in  four  areas;  namely, 

•  RF  amplifier  dynamic  range 

•  Frequency  hopping  synthesizer  with  phase  coherence 

o  High  peak  power  traveling  wave  tube 

•  LSI  component  development 

With  respect  to  the  preferred  waveform,  the  impact  of  these  areas  initially  appears  to 
be  one  of  development  time  rather  than  an  advancement  in  technology.  The  pacing 
item  is  the  high  power  transmitter  TWT  which  will  require  approximately  a  one  year 
development  time.  Presently  a  1  KW  average  tube  providing  100  KW  of  peak  power 
can  be  developed  either  with  a  ring  bar  design  traveling  wave  tube  or  a  gridded  crossed 
field  device  such  as  that  developed  by  Wamecke  Electron  Tubes,  Inc.  Increasing  peak 
power  while  maintaining  a  1  KW  average  will  rapidly  result  in  a  requirement  beyond 
the  state  of  the  art.  Physical  parameters  (size,  weight,  etc. )  will  increase  prohib¬ 
itively  and  thermal  circuit  design  becomes  a  major  factor.  However,  modest  increases 
such  as  perhaps  a  250  KW  peak  (1  KW  average)  can  be  accommodated  providing  addi¬ 
tional  circuitry  such  as  driver  development,  LSI  circuitry  development,  etc. ,  can 
reduce  the  total  system  package  size  to  a  practical  value.  This  again,  is  a  problem  of 
cost  and  time  but  not  a  technology  breakthrough. 

Figure  5-1  shows  the  trends  in  digital  technology.  ’  As  can  be  seen,  higher 
speed  presents  a  problem  in  power  consumption  and  for  digital  rates  above  1-5  MPz 
the  cost  increases  significantly  at  present.  The  use  of  LSI  to  reduce  system  volume 
is  done  at  the  expense  of  system  cost  and  becomes  feasible  only  in  large  quantities. 
Therefore,  small  integrated  systems  can  only  be  considered  on  the  broad  CNI  system 
concept  scale  but  not  for  limited  quantities  such  as  demonstration  programs. 

Synthesizer  switching  rates  are  comparable  with  designs  presently  being  con¬ 
sidered  and  the  use  of  a  phase  coherent  synthesizer  in  a  demonstration  unit  appears 
within  the  state  of  the  art.  Although  eliminated  by  the  use  of  a  coordinated  TDMA 
waveform  concept,  the  problem  of  amplifier  dynamic  range  is  a  bona  fide  technology 
gap  which  is  not  otherwise  circumvented.  The  following  paragraphs  will  briefly 
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Figure  5-1.  Trends  in  Digital  Technology 
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discuss  the  four  areas  indicated  above  independent  of  any  waveform  consistent  with  the 
aforementioned  objectives..  More  extensive  discussions  and  further  detail  can  be  found 
in  Section  5. 2. 

5. 1. 1  RF  AMPLIFIER  DYNAMIC  RANGE 

One  of  the  problems  associated  with  multiple  user  environments  is  the  near-far 
power  ratio.  A  system  which  handles  multiple  users  simultaneously  may  have  to  pro¬ 
cess  two  signals  with  some  100  db  of  differential  power  level.  Consider  a  frequency 
channelized  system  whereby  each  user  occupies  a  discrete  frequency  which  is  pseudo- 
randomiy  permuted  over  the  total  bandwidth  allocated  for  system  utilization.  If  an 
undesired  signal  within  the  bandwidth  is  closelby,  the  signal  level  will  cause  receiver 
saturation  with  the  result  that  intermodulation  products  will  occur  which  may  bo  at  a 
higher  signal  level  than  the  desired  signal.  Figure  5-2  illustrates  the  near-far  prob¬ 
lem  for  1  KYV  transmitters  situated  100  feet  (near)  and  300  n  miles  (far)  from  the 
receiver.  The  maximum  input  levels  allowed  for  two  undesired  (near)  signals 
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Figure  5-2.  RF  Amplifier  Input  Power  for  Near- Far  Environment 

resulting  in  third  order  intermodulation  products  with  a  signal  level  5  db  below  the 
desired  (far)  signal  is  shown  for  the  four  candidate  amplifiers.  As  can  be  seen,  the 
best  performance  is  some  15  db  short  resulting  in  saturation.  The  use  of  YIG  filters 
for  preselection  is  considered  which  can  provide  additional  rejection  outside  of  a 
7  MHz  (minimum  instantaneous  bandwidth)  bandwidth.  Another  alternative  would  be 
to  mix  at  the  RF  frequency  (with  a  mixer  design  considered  feasible  by  Anzac 
Electronic  Division  of  Adams-Russell  in  Connecticut).  However,  the  IF  filter  require¬ 
ments  to  provide  adjacent  near-far  channel  rejection  in  this  case  is  impractical. 

5. 1. 2  FREQUENCY  HOPPING  SYNTHESIZER 

High  hopping  rates  with  phase  coherence  is  not  within  the  state  of  the  art. 
Present  synthesizers  with  phase  coherence  are  limited  to  approximately  2  millisecond 
switching  time  (for  10  MHz  jump)  although  conceptually  the  switching  times  and  hop 
rates  could  approach  diode  switching  rates  by  a  combination  of  synthesizers  utilizing 
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the  phase  coherence  property.  This  is  done  at  the  expense  of  size,  complexity,  and  cost. 
The  utility  of  such  a  scheme  must  be  confirmed  through  more  detailed  analysis. 

5. 1. 3  HIGH  POWER  TRANSMITTING  TUBES 

Present  technology  has  been  directed  toward  CW  and  short  (£20  psec)  pulse 
width  designs.  A  requirement  for  a  4-6  millisecond,  high  power  application  requires 
a  new  design  approach  to  minimize  physical  parameters  within  the  performance  speci¬ 
fications.  The  design  utilized  will  affect  the  tube  physical  parameters  such  as  size, 
weight,  etc.  A  frequency  in  the  2. 5-3. 0  GHz  region  would  more  likely  bo  optimum 
from  a  performance-size,  weight  point  of  view.  P  rwlimituiry  estimates  Indicate  a 
tube  on  the  order  of  40  pounds  in  a  30-36  inch  by  4  inch  diameter  package.  No  signifi¬ 
cant  reduction  in  these  parameters  for  the  1. 5  GHz  frequency  range  is  forecast. 

5.1.4  LSI  COMPONENTS 

The  biggest  impact  to  the  CNI  program  with  respect  to  the  area  of  LSI  is  that 
of  development  time  and  money.  Presently,  integrated  circuit  manufacturers  are  only 
integrating  circuit  functions  which  are  marketable  on  a  large  volume  basis  so  as  to 
amortize  initial  development  costs.  The  result  is  that  standard  functional  arrays  such 
as  shift  registers,  counters,  etc. ,  utilized  by  the  computer  industry  are  being  inte¬ 
grated.  There  is  a  tradeoff  between  speed  and  cost  with  the  result  that  MOS- technology 
will  probably  be  the  most  pursued  of  the  possible  technologies  although  many  computer 
requirements  are  for  higher  speeds  at  present.  Some  functional  circuits  such  as 
matched  filters  may  eventually  be  forthcoming  but  in  all  probability  the  CNI  develop¬ 
ment  efforts  will  have  to  bear  the  costs  of  integrating  the  system  designs.  For 
extremely  high  data  rates,  the  present  technology  is  limited  to  standard  products 
with  high  power  consumption. 

5.2  COMPONENT  SURVEY 

5.2.1  DISCUSSION  OF  AMPLIFIER  CHARACTERISTICS  FOR  USE  IN 

THE  1-10  GHz  FREQUENCY  BAND 

Information  was  obtained  from  manufacturers  of  parametric  amplifiers, 
transistor,  tunnel  diode  and  TWT  amplifiers  to  determine  their  characteristics  in  the 
1-10  GHz  region.  One  immediate  problem  is  to  determine  the  specifications  to  which 
the  amplifier  must  operate  in  order  to  determine  its  usefulness  in  the  CNI  waveform 


-134- 


implementation.  Based  on  previous  work*  using  the  paired  echo  interpretation  of 
distortion,  phase  linearity  with  ±3-5  degrees  and  a  100  MHz  bandwidth  at  the  1/2  db 
points  Were  chosen  as  the  initial  guidelines  (see  Appendix  I).  The  characteristics  of 
interest  were  the  bandwidth  achievable,  the  phase  linearity  and  the  nature  of  saturation. 
The  latter  refers  to  both  the  point  of  saturation  and  the  characteristic  of  the  amplifier 
in  the  saturation  (1  db  compression  to  curve  elbow  vicinity)  region  because  of  the 
near-far  problem. 

The  near-far  problem  represents  the  situation  of  at  least  four  aircraft  opera¬ 
ting  in  the  communication  network  and  is  presented  in  the  context  ot  frequency  chan¬ 
nelization.  Two  aircraft  are. communicating  over  a  large  range.  The  aircraft 
receiving  the  signal  from  the  far  range  has  the  other  two  aircraft  near  him  operating 
on  two  additional  channels  independently  so  that ,  although  they  may  be  on  separate 
channels,  all  three  signals  are  within  the  wideband  RF  amplifier.  If  the  two  near 
aircraft  are  close  enough  to  drive  the  amplifier  into  saturation,  intermodulation 
products  result  which  could  coincide  with  the  channel  being  used  by  the  far  range 
aircraft.  The  resultant  intermod  frequency  could  be  greater  than  the  "far"  signal 
preventing  communications. 

For  the  100  MHz  bandwidth,  3-5  degree  phase  linearity  variation  requirements , 
all  four  amplifier  types  can  be  utilized.  The  differences  become  first,  performance  - 
linearity  and  noise  figure  -  and  secondly  such  things  as  cost,  complexity,  etc.  The 
parametric  amplifier  provides  the  best  noise  figure  performance  and  the  TWT-type  I 
the  worst  (relative).  From  a  NF  point  of  view  a  parametric  amplifier  would  be 
chosen  (see  Figure  5-3  and  Figure  5-7  for  TWT)  with  possibly  a  compromise  to  the 
tunnel  diode  amplifier  because  of  the  temperature  stability  requirements,  pump  power 
supply  required  for  the  parametric  amplifier  and  its  cost.  However,  the  concern  in 
communication  with  the  intermodulation  distortion  and  the  resultant  possiblity  of 
channel  (adjacent)  blockage  due  to  the  near/far  problem  results  in  the  saturation  level 
and  linearity  (gain)  being  of  most  importance.  From  this  point  of  view,  the  TWT- 
Type  I  appears  to  be  the  best  candidate.  Figure  5-4  shows  the  input  power  level  in 
dbm  at  which  point  1  db  compression  is  experienced. 


*DSCS  Advanced  Modulation  System  Study,  Contract  No.  DAAB07-68-C-0346,  MRL, 
Final  Report,  15  October  1068. 


Figure  5-3.  Noise  Figure  Range  Versus  Frequency 

Based  on  Figure  5-4  the  transistor  amplifier  offers  some  10-2.5  db  advantage 
over  the  tunnel  diode  amplifier  and  12-17  db  advantage  over  the  pararue;  5  c  and  Type  II 
TWT  amplifier  (using  the  best  level  in  each  case).  Tae  Type  I  TWT  amplifier,  how¬ 
ever,  exhibits  the  best  performance  with  some  5-7  db  advantage  over  the  transistor 
amplifier.  Figure  5-4  presents  some  initial  comparison  without  consideration  of 
gain-frequency  variations  associated  with  the  respective  amplifiers.  Perhaps,  a 
better  comparison  can  be  made  based  on  the  intermodulation  distortion-,  levels  experi¬ 
enced  in  these  devices.  In  order  to  provide  some  basis  for  comparison,  a  common 
denominator  needs  to  be  established;  hence,  the  1  db  compression  point  was  chosen 
for  reference.  Based  on  information  available  from  manufacturers  concerning  IM 
products  the  chart  in  Figure  5-5  was  utilized  to  determine  IM  levels.  The  results 
were  closely  correlated  with  the  information  given  on  TWT's  although  the  1  db  com¬ 
pression  point  had  to  be  estimated  from  the  general  data  sheets  in  some  cases. 

Figure  5-5  is  used  by  Aertech  for  both  transistors  and  tunnel  diodes.  Many  manu¬ 
facturers  are  now  identifying  the  IM  intercept  point  on  the  component  data  aheet. 
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Figure  5-4.  Input  Power  for  1  db  Compression  Point  - 
Typical  Value  Range 

Figure  5-2  was  generated  with  the  use  of  the  chart  in  Figure  5-5  utilizing  available 
data  sheets  and  the  best  performing  components  in  each  case.  As  indicated  in  Fig¬ 
ure  5-2,  no  amplifier  has  the  dynamic  range  required  to  meet  the  environment  as 
postulated.  From  an  overall  point  of  view  the  transistor  amplifier  is  preferable 
(although  the  TWT  cost  may  be  comparable  to  the  transistor)  providing  the  restriction 
in  frequency  to  the  1-3  GHz  region  is  acceptable.  The  tunnel  diode  amplifier  provides 
a  good  compromise  being  comparable  in  cost,  requires  little  input  power  and  models 
are  available  over  the  entire  1-10  GHz  region  of  interest.  The  parametric  amplifier 
offers  low  noise  figure  but  at  the  expense  of  cost,  high  input  power  (depending  upon 
pump  frequency)  and  complexity.  If  system  parameters  can  be  adjusted  (i.  e. ,  trans¬ 
mitter  power,  propagation  margin,  etc. )  to’Within  the  levels  for  which  the  TWT 
dynamic  range  is  oufficieut,  the  TWT  would  be  the  only  amplifier  (Type  I)  operable 
within  the  postulated  environment.  It  would  appear  to  be  a  tradeoff  between  the  TWT 
margin  and  the  overall  desirability  of  the  transistor  amplifier.  From  a  reliability 
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Figure  5-5.  Intermodulation  Chart  -  Aertech  Industries 
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point  of  view,  the  transistor,  tunnel  diode,  TWT  and  parametric  amplifier  are 
desirable  in  that  order.  Discussions  of  the  aforementioned  amplifiers  are  based  on 
the  material  presented  in  the  following  paragraphs  which  will  address  the  amplifiers 
individually. 

5. 2. 1.1  Parametric  Amplifiers 

Parametric  amplifiers  providing  a  100  MHz  bandwidth  (0. 5  db  points)  are 
within  the  state  of  the  art  in  the  1-10  GHz  region.  The  bandwidth  requirement 
becomes  tight  at  2  GHz  (and  below)  for  a  one  stage  device  and  may  require  more 
than  one  to  achieve  a  0. 5  db  specification  over  100  MHz  in  this  frequency  range 
should  that  be  required.  One  stage  typically  has  a  15  to  20  db  amplification  factor, 
phase  linearity  over  the  bandwidth  to  w:;thin  ±3  to  5  degrees  (10  degrees  worst  case), 
and  will  cost  in  the  neighborhood  of  $8000-$10, 000  for  a  one  stage  amplifier  with  a 
50-percent  increase  per  stage.  This  cost  will  reduce  to  $2-5000  in  large  (100  or 
more)  quantity.  'The  parametric  amplifier  must  be  temperature  stabilized  to  within 
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several  degrees  in  order  to  maintain  the  phase/amplitude  characteristics  given  above, 
and  this  is  usually  done  by  maintaining  temperature  at  the  highest  ambient  temperature 
anticipated  using  heater  control.  Present  amplifiers  use  either  a  solid  state  device  or 
a  klystron  to  provide  the  idler  frequency  pump  power  required  for  operation.  Solid 
state  devices  use  about  5  watts  of  input  power  to  operate  -  klystrons  can  require  up  to 
100  watts.  The  impact  in  terms  of  paramp  performance  (non  cooled)  is  that  for  a 
higher  pump  frequency,  the  noise  figure  is  lower  and  at  present  this  requires  a  klystron 
for  a  low  NF. 


"Great  strides  have  been  made  over  the  last  several  years  in  the  area  of  low 
noise,  broadband  parametric  amplifiers.  The  effort  has  been  in  obtaining  low  noise 
figures,  packaging  and  solid  state  pumps.  Thus,  cryogenic  cooling  (closed  cycle 
cryogenic  refrigeration)  and  the  use  of  high  idler  frequencies  for  use  at  room 
temperature  to  achieve  low  noise  figures  (electronic  cooling)  has  been  emphasized. 
Consider  the  approximate  expression  for  excess  noise  temperature  (Tg)  of  a  one 
port  parametric  amplifier. 
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where 

^  =  signal  frequency 

f2  =  idler  frequency 
f  *  pump  fr^nency  =  f^  +  fg 
M  =  quality  factor  of  the  varactor 
Tp  =  varactor  physical  temp 

With  respect  to  choice  of  fg,  it  is  found  that 
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In  effect  then,  low  noise  is  achieved  by  cooling  cryogenically  the  varactor  temp  TD 
or  by  raising  f20pt  to  obtain  electronic  cooling.  Although  f£  is  important  for  room 
temperature  operation,  it  is  of  minor  impact  in  the  cryogenic  case.  For  example, 
assume 

fj  =  4  GHz 
M  =  50  GHz 
TD  =  (cryogenic)  20°  K 
fg  =  20  GHz 

Thus,  from  Equation  (2),  T  =  5. 7s  K  (amplifier  only).  For  room  temperature  (290°  K) 
T0  ,  82°  K,  Using  f2  =  50  GHz,  however,  Te  becomes  3. 6°  K  and  46°  K  for  cryogenic 
and  room  temperature  operation  respectively.  Future  improvements  in  solid  state 
pumps  at  higher  frequencies  is  expected.  The  result  will  be  smaller  packages,  lower 
power  requirements  and  improved  noise  figures  for  paramps. 

The  third  order  intermodulation  product  has  been  measured  in  some  para- 
amplifiers  according  to  manufacturers.  This  is  the  one  (2f1  -  f2)  normally  considered 
since  it  is  the  largest  of  the  higher  order  products.  Information  from  AIL  indicates 
that  the  level  of  this  product  can  be  approximated  over  the  range  to  the  1  db  compres¬ 
sion  point  as 

Mtevel  "  2VP2+K  <3> 

where 

P1  =  power  output  of  the  strongensignal  (db) 

P2  =  power  output  cf  the  stronger  signal  (db) 

K  =  factor  (0  to  10  db);  some  use  10  most  use  0  db 

Thus,  for  two  signals,  one  at  -15  dbm  output  and  one  at  -75  dbm  out  (-95  dbm  input 
power)  the  intermod  would  be 

IM  =  2 (—  1 5)  -  75  =  -105  dbm 
or 

2(-15)  -  75  +  10  =  -95  dbm 
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Thus,  consider  the  case  of  two  signals  at  -40  dbm  whose  intermod  coincides  with  a 
third  frequency  of  interest  being  received  at  -130  dbm.  The  xM  will  be 

2(-40)  -  40  +  0  =  -120  or  (for  K  =  10)  -  110  dbm 
Thus,  the  intermod  will  be  20  db  above  the  wanted  signal. 

Parametric  amplifiers  thus  provide  operation  within  the  specification  with  very 
low  noise  figures  but  are  expensive,  require  temperature  control  and  may  require  up 
to  100  watts  for  the  pump  supply.  Cryogenic  cooling  can  be  utilized  if  low  noise  fig¬ 
ures  are  required,  however,  this  is  impractical  for  satellite  use  and,  although-pos- 
sible  for  aircraft  use,  ^present  increased  size,  cost,  and  power  for  the  refrigeration 
in  the  receiver  plus  the  added  supply  for  the  coolant  within  the  aircraft,. 

5.2. 1.2  Tunnel  Diode  Amplifiers' 

Tunnel  diode  amplifier  development  has. been  in  the  area  of  associated 
circuitry-coupling  networks,  circulators,  etc. ,  in  order  to  produce  a  reliable 
stable  amplifier.  Octave  bandwidth  amplifiers  nave  been  built  and  are  available 
from  the  UHF  to  K  band  region.  Noise  figures  vary  from  3. 5  db  at  the  low  end  to 
5-7  db  in  the  higher  region  of  interest  here.  Octave  bandwidth  provides  a  8-10  db 
gain/stage  with  14-17  db  gain  available  for  narrow  band  (Af/fc  x  100  =«  10%).  How¬ 
ever,  gain  linearity  for  wideband  (octave)  cpc  ration  is  in  general  3-7  db.  The 
100  MHz  (at  the  1/2  db  point)  and  3-5-degree  phase  requirement  can  be  met.  The 
limiting  factor  in  obtaining  bandwidth  is  not  the  diode  but  the  mechanism  for  separa¬ 
ting  the  input  from  the  amplified  signal  -  usually  a  ferromagnetic  circulator.  The 
method  of  implementation  is  critical  in  obtaining  low  VSWR  and  load  stability  (see 
Appendix  H).  The  type  of  diode  utilized  affects  the  output  power  level  and  the  tem¬ 
perature  characteristics.  Three  type?  of  tunnel  diodes  can  be  used  -  Germanium, 
Gallium  Arsenide  (GaAs),  and  G' .'ilium  Antimonies  (GaSb).  Table  0-1  indicates 
some  typical  values. 

It  can  be  seen  that  the  Gallium  Arsenide  diode  presents  the  best  performance 
with  respect  to  the  saturation  point  which  is  of  interest  in  the  near /far  problem. 
Tunnel  diode  amplifiers  present  a  compromise  in  NF  with  respect  to  the  parametric 
amplifiers  and  cost  approximately  $2000  for  a  one-stage  unit.  They  are  thus  lower 
in  cost  than  the  parametric  amplifier  and  equal  in  price  to  the  transistor  amplifier 
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Table  5-1.  Tunnel  Diode  Characteristics 


"Typical  Noise 
Figure,  db 

Typical  Saturation 
Output  Power, 
dbm 

Typical  1  db 
Comparison  Point 

Input  Power,  dbm 

Type  of  Diode 

S  Band 

X  Band 

10  db  Gain 

15  db  Gain 

GaSb 

3.7 

4.7 

-16 

-31 

o 

■<* 

i 

Ge 

4.7 

4.7 

-15 

-30 

-38 

GaA^ 

5.8 

7  ' 

-7 

-21 

-29 

*Based  on  =  10, 000°  K 


at  the  3-4  GHz  region.  That  is  because  the  transistor  amplifier  requires  about 
5  stages  to  the  single  TD  stage  at  this  frequency  range.  Tunnel  diode  amplifiers 
however  must  be  temperature  stabilized  if  the  environment  equals  or  exceeds  0°  C 
and  50°  C  limits. 

5.2. 1.3  Transistor  Amplifiers 

Transistor  amplifiers  can  be  obtained  to  about  the  3-4  GHz  frequency  range. 
For  example,  Aertech  model  A5802  is  designed  for  coverage  of  the  2-3. 5  GHz  band 
(3  db  BW)  with  a  10  db  NF.  Noise  figures  as  low  as  4  db  can  be  obtained  but  range 
in  the  2-10  db  region  over  the  UHF-4  GHz  region.  Figure  5-6  lists  NF  as  a  function 
of  frequency  as  a  general  guide.  Table  5-2  lists  specifications  for  some  typical 
transistor  models  with  the  saturation  levels. 
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Figure  5—S.  Noise  Figure  Versus  Frequency  (Trend) 


Table  G-2.  Transistor  Specifications 


Frequency, 

MHz 

Noise  Figure, 
db 

Gain 

Power  Output,  dbm 

Phase 

l  db  Comparison 

Saturation 

JLiiucctxxvy ) 

degrees 

1000-2000 

6.0 

■  15 

-10 

-8 

!5 

1435-1540 

4.7 

20 

0 

+2 

5 

1650-1950 

5.2 

20 

0 

+2 

5 

2200-2300 

6.5 

20 

+12 

+15 

1 

The  cost  of  the  transistor  amplifier  varies  from  $600  to  $700  at  UHF  to 
approximately  $2000  at  the  3-4  GHz  band.  Phase  linearity  is  better  in  the  transistor 
amplifier  than  the  tunnel  diode  or  parametric  amplifier,  however,  for  a  100  MHz 
bandwidth,  both  amplifiers  are  comparable.  The  transistor  amplifier  provides  a 
higher-noise  figure  but  also  higher  level  saturation  point  which  is  desirable  in  the 
near/far  environment.  In  addition,  it  is  less  sensitive  to  environment  conditions 
and  less  expensive  than  the  other  two  amplifiers. 

5.2. 1,4  Traveling  Wave  Amplifiers 

Information  obtained  from  manufacturers  of  traveling  wave  tube  amplifiers  is 
given  here  to  determine  the  applicability  of  TWT’s  to  the  CNI  waveform  implementa¬ 
tion.  The  specifications  to  which  the  amplifier  must  operate  are  the  same  as  for  the 
parametric  amplifier,  transistor,  and  tunnel  diode  amplifier  discussed  in  para¬ 
graph  5.2. 1.  It  has  been  shown  that  the  f'near-far  .problem"  hence  the  level  of  satura¬ 
tion,  is  of  major  concern.  Thus,  this  discussion  will  be  in  that  context  in  order  to 
facilitate  comparison  of  relative  advantages/  disadvantages  of  the  four  amplifier  types. 

Traveling  wave  amplifiers  were  found  to  exhibit  two  discrete  areas  of  satura¬ 
tion  and  could  be  considered  as  two  general  types  of  tubes  as  depicted  in  Figures  5-7 
and  5-8.  Typically,  the  devices  of  Typen  have  noise  figures  4  to  10  db,  15-35  db  gain, 
and  output  saturation  levels  of  -10  to  +10  dbm.  As  can  be  seen,  the  relationship 
between  NF  and  saturation  level  is,  in  general,  proportional  in  that  the  higher  levels 
exhibit  higher  NF.  Because  of  the  ’’near-far  problem, "  the  tubes  of  Type  I  are  of 
prime  interest.  Although  the  NF  is  higher,  the  output  level  for  saturation  is  1  to  2  watts 
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Figure  5-7. 


■  FREQUENCY,  GHz 

TWT  NF  Versus  Frequency  Band  (for  Saturation  Power  Out) 


which  appear  to  be  the  highest  level  available  among  receiver  amplifier  candidates. 
The  10  db  NF  is  about  state  of  the  art  for  these  high  power  tubes.  Figure  5-8  plots 
input  power  versus  frequency  rather  than  output  because  of  the  variance  in  gain  and 
output  level  (saturation)  available  in  TWT's.  Despite  its  high  level  for  saturation, 
however,  the  situation  presented  previously  will  still  result  in  amplifier  saturation. 
Assuming  a  1  KW  transmitted  signal  and  a  distance  of  300  n  miles,  the  power  level 
of  the  received  signal  (0  db  for  antenna  gain)  will  vary  from  -88  dbm  at  1  GHz  to 
-108  dbm  at  10  GHz.  Assume  also  that  the  level  of  the  intermcdulation  products 
(referred  to  the  input)  should  be  5  db  below  the  received  "far"  signal.  Figure  5-9 
plots  the  level  of  input  signal  (i.  e. ,  the  level  for  each  of  two  equal  input  signals)  for 
which  the  third  order  intermodolation  products  will  be  at  the  desired  level.  The 
desired  signal  is  based  on  1  KW  at  300  nautical  miles.  The  near  signal  is  based  on 
1  KW  at  100  feet  and  shows  the  relationship  of  that  power  to  the  required  level  for 
experiencing  intermodulation  products  at  the  5  db-below-desired  signal  level.  Though 
arbitrarily  chosen,  the  number  indicates  the  limitation  in  dynamic  range. 
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Figure  5-8.  TWT  Power  Input  Versus  Frequency  Band  at  Saturation 


Microwave  Associates  develops  a  line  of  devices  that  correspond  to  the  Type  I 
class  of  Figures  5-7  and  5-8.  The  NF  and  gain  are  given  in  Figure  5-10,  Table  5-3 
gives  the  physical  dimensions. 


Table  5-3.  Physical  Characteristics  of  TWT  Amplifier 


Tube  Type 

Freq.  (GHz) 

Length 

(in) 

Width 

(in) 

Height 
(in)  _ 

Weight 
_  (in) 

2334 

1-2 

16.75 

1.75 

2.5 

6.0 

2330 

2-4 

12.0 

1.5 

1. 62 

2.5 

2335 

4-8 

12.0 

1.5 

1. 62 

2.5 

2338 

7-11 

11.5 

1.5 

1.  62 

lA-5 _ 

All  the  above  mentioned  tubes  are  focused  by  permanent  periodic  magnets 
(PPM)  and,  therefore,  require  no  power.  The  largest  power  requirement  is  for  the 
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Figure  5-10.  NF  and  Gain  Versus  Frequency  for  Tubes  Listed 
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All  the  tubes  are  conduction  cooled,  may  be  mounted  in  any  orientation  and  are 
typically  rated  for  15  g’s  shock  and  10  g's  vibration. 

5. 2. 1.5  Y1G  Preselector  Filters 

As  previously  mentioned  (see  paragraph  5. 1. 1)  some  method  of  preselection 
could  possibly  provide  adjacent  channel  rejection  to  bring  the  total  resultant  near/far 
power  ratio  within  the  dynamic  range  of  the  receiver  amplifier.  One  of  the  filters 
considered  which  could  be  tuned  over  the  total  system  bandwidth  is  the  YIG  filter 
(Yttrium-iron-garnet).  These  filters  are  now  available  (Watkins- Johnson  Company, 
Microwave  Associates {  etc.)  and,  typically,  are  electrically  tunable  ove^  an  octave 
or  more  bandwidth  in  the  frequency  range  0. 5-18  GHz. 

Previous  attempts  at  solving  the  problem  of  a  nonmechanically  tuned,  narrow- 
band  filter  have  included  the  use  of  cavities  containing  ferroelectrics,  voltage-tuned 
back-biased  diodes,  and  ferrites.  In  general,  tuning  ranges  of  a  few  percent  are 
possible  using  these  techniques  while  maintaining  high  unloaded  Q's. 

The  main  difficulty  with  these  previous  tuning  methods  is  high  losses,  which 
are  greatly  reduced  by  the  use  of  the  ferromagnetic  material,  yttrium-iron-garnet. 

The  unloaded  Q  of  this  material  considered  as  a  resonator  is  typically  between  2000 
and  4000  at  X-band  frequencies  and,  therefore,  compares  favorably  with  transmission¬ 
line  and  hollow-cavity  resonators. 

This  approach  to  the  problem  of  nonmechanical  tuning  makes  use  of  the 
equivalence  between  a  resonant  circuit,  such  as  inductively  coupled  cavity  or  lumped- 
element  series  resonant  circuit,  and  an  inductively  coupled  magnetic  resonator  biased 
with  a  DC  magnetic  field. 

The  tunability  feature  results  from  the  fact  that  the  resonant  frequency  is  nearly 
a  linear  function  of  the  DC  magnetic  biasing  field.  This  feature  allows  a  very  broad 
tuning  range,  limited  mainly  by  the  bandwidth  of  the  microwave  coupling  structure 
employed. 
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5. 2.1. 5.1  Bandwidth 

The  bandwidth  of  YIG  filters  can  be  adjusted  within  fairly  well-defined  limits. 
Figure  5-11  illustrates  the  current  status  of  two-sphere  (resonator)  YIG  filters.  The 
general  picture  is  applicable  to  the  particular  octave  tuning  ranges  shown.  Figure  5-11 
also  shows  two  areas  with  differing  maximum  bandwidths;  Region  B  where  the  saturating 
microwave  signal  level  will  be  over  +10  dbm,  and  Region  A  where  the  input  signal 
level  for  saturation  may  be  as  low  as  -20  dbm. 

5. 2. 1. 5. 2  Insertion  Loss 

The  insertion  loss  of  YIG  filters  depend  on  many  factors,  the  most  important 
of  which  are  the  filter’s  bandwidth  and  the  loss  characteristic  of  the  YIG  used.  Figure 
5-12  displays  the  relationship  between  these  factors.  The  type  of  YIG  used  is  reflected 
by  the  limiting  level  and  frequency  range  in  which  the  filter  is  to  be  used.  Accordingly, 
the  set  of  curves  in  Figure  5-12  shows  the  insertion  loss  as  a  function  of  bandwidth  with 
both  frequency  and  limiting  parameters. 
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Figure  5-11.  YIG  Filter  Bandwidth  Boundaries 
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Figure  5-12.  2-Ball  Coaxial  YIG  Filter  Insertion  Loss 

5. 2. 1. 5.3  Bandpass  Shape  and  Phase-Shift  Characteristics 

The  shape  of  the  bandpass  is  controllable  through  the  number  of  resonators 
(YIG  spheres)  used,  and  through  control  of  the  relative  coupling  between  the  elements 
of  the  filter.  To  a  lesser  degree,  spurious  modes  and  external  mismatches  also  can 
influence  the  shape. 

The  skirt  selectivity  is  determined  by  the  number  of  resonators  employed. 

For  each  resonator  used,  a  6  db/octave  selectivity  slope  is  obtained.  Once  the  basic 
selectivity  is  established,  the  exact  shape  of  the  bandpass  in  the  region  between  the 
minimum  insertion  loss  (resonant)  point  and  the  3  db  added  insertion  loss  points 
depends  upon  the  degree  of  coupling  betwesn  the  spheres  and  the  RF  coupling  struc¬ 
tures.  For  the  two-resonator  case,  the  shape  can  be  adjusted  from  a  smooth,  rounded 
unde? '  oupled  response  to  a  pronounced  double-peaked  overcoupled  response.  Since  the 
coupling  between  spheres  and  RF  lines  is  slightly  frequency-sensitive,  the  shape  may 
very  over  the  tuning  range.  For  example,  a  filter  which  is  slightly  overcoupled  at  the 
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low-frcqucncy  end  of  the  range  may  change  to  critically -coupied  at  the  high  end  of  the 
range.  For  this  type  of  bandpass  shape  change,  Figure  5-13  illustrates  the  correspond¬ 
ing  phase  characteristic  change.  It  is  seen  that  overcoupling  tends  to  distort  the  phase- 
characteristic  at  the  band  edges. 

The  depth  of  the  off-resonance  isolation  is  related  to  the  number  of  spheres 
employed  in  the  design.  With  2  resonators,  over  45  db  is  obtained;  and  with  4  reson¬ 
ators,  the  off-channel  isolation  is  well  over  90  db.  These  values  are  approached  at 
the  skirt  selectivity  rates  appropriate  to  the  number  of  resonators  employed. 

5. 2. 1. 5. 4  Tuning  Characteristics 

The  relationship  between  magnetic  field  and  resonant  frequency  is  linear  in  the 
YIG  crystal.  In  practical  devices,  the  need  for  soft-magnetic  core  materials  intro¬ 
duces  two  unwanted  effects.  First,  the  field  at  the  YIG  sphere  is  not  linearly  realted  to 
the  driving  current  if  any  portion  of  the  iron  either  reaches  .saturation  or  has  a  large 
change  in  incremental  permeability.  Usually  these  nou-linearities  are  not  of  impor¬ 
tance  until  the  frequency  of  interest  exceeds  10  GHz.  Typically,  the  frequency  devia¬ 
tion  from  linearity  for  a  full  octave  up  to  8  GHz  is  only  2-3  MHz  with  no  bias  compensa¬ 
tion  required.  In  addition,  below  10  GHz,  special  alloys  which  have  very  low  retentivity 
are  suitable  which  means  that  the  hysteresis  in  the  frequency  versus  tuning  current 
curve  is  low,  typically  3-4  MHz,  In  the  8-12, 5  GHz  region,  frequency  deviations  due 
to  hysteresis  and  non-linearity  may  vary  as  much  as  8  and  40  MHz.  respectively,  unless 
elaborate  compensation  is  employed. 

5. 2. 1.5. 5  Limiting 

In  the  preceding  paragraphs,  limiting  was  mentioned  as  one  of  the  parameters 
affecting  the  bandpass  maximums.  The  limiting  phenomena  has  some  useful  applica¬ 
tions  due  to  the  unique  properties  which  the  filter  exhibits.  As  previously  mentioned, 
two  levels  of  limiting  exist  which  in  any  given  filter  may  be  frequency-related. 

Using  pure  YIG  in  the  2  to  4  GHz  region,  the  transition  from  low  -level  limiting 
to  high-level  limiting  occurs  in  the  3, 2  to  3,4  GHz  region.  Below  3. 1  to  3, 2  GHz, 
filter  limiting  occurs  at  input  powers  c.f  about  -25  dbm.  When  limiting  occurs  in  the 
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low-level  region,  the  limiting  phenomenon  is  of  interest  since  large  and  small  signals 
separated  only  by  a  few  MHz  are  selectively  limited  within  the  passband.  A  large 
signal  experiencing  limiting  will  not  introduce  compression  of  adjacent  small  signals, 
nor  will  it  introduce  mixing  predicts  provided  a  few  megahertz  separation  exists 
between  the  two  signals.  Above  3.4  GHz,  the  limiting  *rhich  occurs  does  not  have 
this  selective  action  and  saturation  of  any  large  signal  will  compress  low-level  signals 
within  the  bandwidth. 

♦ 

5. 2. 1. 5. 6  Preselector  Application 

The  YIG  filter  can  be  utilized  to  decrease  the  receiver  instantaneous  bandwidth. 
In  order  to  maintain  the  amplitude  and  phase  characteristic  of  +  1/2  db/5-10  degrees 
from  linear,  respectively,  the  bandpass  characteristic  "B"  in  Figure  5-13  is  utilized. 
This  gives  an  instantaneous  bandwidth  capability  of  approximately  7-60  MHz.  In  order 
to  prevent  signal  saturation  in  the  YIG,  the  Region  B  (+10  dbm)  is  preferable  which 
would  limit  the  instantaneous  bandwidths  to  approximately  7-30  MHz  with  5-2  db 
insertion  loss,  respectively.  Switching  times  in  the  YIG  filter  design  can  range  from 
50  microseconds  to  a  millisecond  and  thus  for  slow  hop  systems  would  not  appear 
to  be  a  limitation. 

5.2.2  FREQUENCY  HOPPING  SYNTHESIZERS 

With  the  development  of  more  sophisticated  communication  systems,  frequency 
synthesizers  with  high  switching  rates  and  phase  coherence  are  placing  move  demands 
on  synthesizer  design.  Phase  coherence,  as  discussed  here,  is  defined  as  generating 
frequencies  such  that  two  synthesizers  with  identical  inputs  will  maintain  a  phase 
difference  of  zero  as  the  hopping  progresses  in  a  pseudorandom  sequence.  The  fol¬ 
lowing  paragraphs  discuss  the  present  status  of  synthesizer  development,  treating 
phase  coherent  synthesizers  separately.  In  general,  the  requirements  on  the  synthe¬ 
sizer  for  the  preferred  waveform  are  within  the  state  of  the  art  today,  however,  the 
switching  times  (not  average  hop  rate)  may  be  marginal,  requiring  additional  complex¬ 
ity  in  the  total  synthesizer  design. 

5. 2. 2. 1  Frequency  Hopping  Synthesizer  (No  Phase  Coherence  Requirement) 

A  survey  of  available  information  on  frequency  hopping  synthesizers  Indicates 
that  many  synthesizers  have  been  designed  for  use  in  relatively  slow  hop  rate  systems 
-which  do  not  require  phase  coherence.  There  are,  basically,  two  approaches  to 
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frequency’ synthesis;  namely,  mix  and  divide  or  phase  lock  loops.  A  presentation  of 
the  state  of  the  art  of  frequency  hopping  synthesizers  was  given  to  MRL  in  1S88  by 
,  *  Lincoln  Labs,  which  with  few  exceptions,  still  represents  the  status  of  the  technology 
.'titlay.  The  results  of  this  presentation  are  given  in  paragraph  5. 2. 2. 1. 1.  The  few 
exceptions  are  notably  the  efforts  by  Dana  Laboratories,  Inc. ,  of  Irvine,  California, 
and  Barry  Research,  Palo  Alto,  California,  to  achieve  phase  coherence.  There  are, 
of  course,  other  contributions  such  as  the  work  of  Saska  and  Hughes  of  Sylvania, 
presented  at  the  23rd  Annual  Frequency  Control  Symposium  which,  however,  will  not 
affect  the  conclusions  to  be  reached  concerning  synthesizer  technology  and  its  impact 
on  CNI  applications. 

5. 2. 2. 1. 1  Presentation  by  Lincoln  Labs  on  Frequency  Hopping,  25  July  1968 

A  presentation  was  given  on  25  July  1963  by  Ben  Hutchinson  of  Lincoln  Labo¬ 
ratory.  * 

The  presentation  by  Hutchinson  re-  iewed  the  shite  of  the  art  in  frequency  ' 

,  < 

hopping  synthesizers.  The  first  prototype  of  a  hopper  at  Lincoln  Lab  was  developed 
along  the  lines  of  the  NRL  synthesizer.  This  hopper  provided  4, 000  frequencies  over 
10  MHz  bandwidth  with  a  10  microsecond  switching  time  for  application  in  the  Lincoln 
Experimental  Terminal.  The  switching  time  is  basically  faster  than  the  commercial 
Hewlett-Packard  synthesizer  version  because  the  design  is  optimized  for  communica¬ 
tions  applications  rather  than  for  teat  equipment.  (In  order  to  reduce  spurious, 
Hewlett-Packard  employs  an  addition':!  mixer  and  filter  in  each  stage  which  increases 
the  transient  time  of  the  synthesizer. )  The  synthesizer  is  basically  incoherent  because 
of  the  random  initial  conditions  in  the  dividers,  however,  Lincoln  Lab  has  made  no 
attempts  in  the  direction  of  coherent  synthesis.  They  have  also  looked  at  the  phase- 
lock  synthesizer  and  have  found  it  useful  primarily  for  special  applications.  They 
do  not  consider  it  to  be  suitable  for  fast  switching  with  a  large  number  of  channels 
because  of  the  inherent  slowness  due  to  the  low  sampling  rate  involved.  However,  it 
may  be  noted  that  multiple  phase  lock  synthesizers  can  be  conceived  and  are  somewhat 
similar  to  the  multiple  mix  and  countdown  chain  in  the  NRL  synthesizer. 

* 

Presented  for  DSCS  Advanced  Modulation  System  Study,  Contract  No.  DAAB07-68- 
C-0348,  Magnavox  Research  Laboratories. 
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Considerable  time  was  devoted  by  Hutchinson  to  explaining  the  theoretical 
estimation  oi  settling  time  in  the  mix  and  countdown  synthesizer  chain.  In  eacn  stage, 
there  is  envelope  delay  in  the  bandpass  filter  following  the  mixer,  delay  in  fee  divider, 
and  envelope  delay  through  fee  low  pass  filter  after  the  divider.  The  bandpass  filter 
is  the  primary  source  of  delay.  As  fee  synthesizers  are  built  by  Lincoln,  the  delay 
is  cumulative  from  stage  to  stage.  Considering  practical  designs  based  on  avoiding 
spectral  overlap  in  the  mixers,  it  is  found  that  a  functional  bandwidth  in  the  order  of 
1/2  K  can  be  achieved  with  reasonable  envelope  delay.  Here  K  is  the  number  of  fre¬ 
quencies  supplied,  typically  4  or  8  in  the  Lincoln  designs.  It  is  found  that  fee  most 
important  technique  for  reducing  spurious  is  good  packaging  to  provide  proper  shielding 
and  reduce  undesired  stray  couplings.  Lincoln  believes  that  is  is  possible  to  go  to 
500  MHz  bandwidth  with  adequate  spurious  rejection. 

In  summary,  the  overall  switching  time  goes  up  linearly  with  number  of  stages, 
the  number  of  output  frequencies  goes  up  exponentially,  and  the  bandwidth  step  is 
fixed.  A  multiplier  can  be  used  to  expand  bandwidth  If  spurious  is  sufficiently  low 
since  there  is  a  degradation  through  multiplier  chains. 

There  is  some  possibility  in  reducing  switching  time  by  using  delay  lines  in 
the  control  leads  to  the  various  stages.  This  implies  a  fixed  delay  in  switching  but 
reduces  dead  time  and  thereby  gets  around  the  linear  relation  to  number  of  stages 
mentioned  above.  However,  this  design  is  not  demonstrated  except  in  limited  experi¬ 
mental  work  at  Page. 

It  is  considered  that  the  upper  limit  for  an'M’ary  frequency  hop  system  is  in 
the  order  of  100  kilobits/second  as  limited  by  attainable  s  witching  time  in  the  synthe¬ 
sizer.  This  is  compatible  with  sequential  decoder  implementations  for  M’ary  systems 
which  also  have  an  upper  speed  limit  of  around  100  kilobits/sec. 

The  TATS  synthesizer  currently  in  production  by  Sylvania  is  a  good  example 
of  the  present  state  of  the  art.  In  production  quantities  of  100,  the  cost  is  estimated 
in  the  order  of  5K  to  7K.  The  synthesizer  has  a  volume  of  100  cubic  inches,  weighs 
7  pounds,  and  requires  15  watts.  It  includes  an  internal  frequency  multiplier.  Since 
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-  this  is  an  existing  design,  new  developments  can  certainly  achieve  further  reductions 
in  sire  and  weight  and  power.  Estimates  of  a  factor  of  2  in  size  and  10  in  power  are 
made,  based  on  improved  RF  gating. 

The  summary  of  some  existing  frequency  synthesizer  designs  is  given  in 
Table  5-4.  Projected  Improvements  on  the  TATS  design  are  summarized  in  Table 
5-5.  Further  improvements  feasible  with  known  techniques  but  still  requiring  devel¬ 
opment  are  indicated  in  Table  5-6.  These  tables  present  a  good  summary  of  the  state 
of  the  art  in  frequency  hopping  as  currently  known  to  Lincoln  Laboratory  at  this  time. 

In  summary  the  presentation  by  Lincoln  Laboratory  indicates  that  the  state  of 
the  art  of  synthesizers  is  quite  advanced  and  can  be  considered  as  a  practical  tech¬ 
nology  available  for  future  system  applications.  The  most  significant  comment  to  be 
made  about  synthesizer  theory  is  that  there  appear  to  be  no  surprises  In  the  perform¬ 
ance,  and  a  good  correlation  between  theoretical  calculations  and  observed  behavior 
in  respect  to  switching  time  is  attained.  Spurious  reduction,  of  course,  can  only  be 
obtained  by  use  of  a  pragmatic  packaging  technique. 

5.2.2. 2  Phase-Coherent  Frequency  Synthesizers 

In  general,  phase-coherent  frequency  synthesizers  may  be  grouped  into  two 
categories;  direct  and  indirect  frequency  synthesizers.  The  direct  synthesis  technique 
utilizes  an  open  loop  mechanization  wherein  several  fixed  frequencies  are  generated 
from  a  reference  oscillator  and  arithmetically  combined  to  form  the  desired  frequency. 
The  indirect  synthesis  technique  utilizes  a  feedback  loop  mechanization.  A  frequency 
related  to  the  channel  spacing  is  compared  to  the  output  of  a  variable  frequency  oscil¬ 
lator  which  has  been  divided  until  it  is  equal  to  the  reference  frequency.  A  phase 
locked  .ioop  causes  the  VCO  to  track  the  reference  thereby  inheriting  its  stability  and 
line  width.  Table  5-7  summarizes  the  properties  of  these  distinct  types  of  synthesizers 
as  they  are  applicable  to  phase-coherent  frequency-hopping. 

5. 2. 2. 2. 1  Direct  Synthesizer 

In  general,  due  to  mixing  and  dividing  operations,  the  frequencies  generated 
by  the  "direct"  technique  will  not  be  phase-coherent  in  the  sense  defined  in  Section 
5.2.2.  To  accomplish  this  requires  compensating  envelope  delays  of  individual  fre¬ 
quencies  and  assuring  that  identical  initial  conditions  are  maintained  in  divider  circuits. 
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Table  5-4.  Summary  of  Synthesizer  (Existing)  Designs 
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Table  5-5. .  Improvement  in  TATS  Design 

f  =32  MHz 
c 

B  =  3. 2768  MHz  %  3. 28  MHz 

Multiplier  M  =  16,  for  final  output  bandwidth  of  ~  52  MHz 
K  =  4 

£f  =  819. 2  KHz 

Switching  Time  2  nsec  maximum  (with  most-significant  17  bits  or 
or  less  active) 

N  =  11  Stages  (min  output  increment  =  12. 5  Hz,  allow  «  75  bits/sec) 

(This  could  make  it  to  38.4  kilobits  for  sure  (20.30  psec  chip); 
probably  76. 8  kilobits  (10-15  nsec  chip),  since  in  the  latter  case 
only  the  top  12  bits  (last  6  stages)  would  be  active. 

-  Spurious  suppression  would  require  work,  but  50  db  (after  multi. ) 
is  certainly  within  reach. 

-  Could  go  beyond  this  with  delay-line  compensation. 

Table  5-6.  Further-Out  Synthesizer,  but  Quite 
Feasible  With  Known  Techniques 

f  :  Between  150  and  300  MHz 
c 

B:  25. 6  MHz 

Multiplier  M  =  8,  for  final  output  bandwidth  of  200  MHz 
K  =  4 

Afj  6.4  MHz 

Switching  Time:  Hundreds  of  nanoseconds,  allowing  data  rates  of 
hundreds  of  kilobits. 

-  Multiplier  degrades  spurious  suppression  by  18  db.  40  db 
suppression  in  final  output  certainly  do-able,  50  db  perhaps 
so  with  more  work. 


Table  5-7.  Types  of  Phase-Coherent  Frequency  Synthesizers 


Type 

Advantages 

Disadvantages 

Direct  Synthesizer 

a)  Frequency  switching 
rate  limited  only  by  switch 
response;  no  settling  time. 

b)  Phase  stability  same  as 
reference. 

a)  Elaborate  filtering  needed 
to  reduce  spurious  and  har¬ 
monic  frequencies. 

b)  Microminiaturization  diffi¬ 
cult,  thereby  placing  volume 
limitation  on  number  of  channels 

Indirect  Synthesizer 

a)  No  inherent  filtering 
problems. 

b)  Ideal  for  microminiatur¬ 
ization,  as  all  controlled 
divider  stages  may  be  im¬ 
plemented  with  IC’s,  and  the 
VCO,  reference  oscillator, 
and  frequency  and  phase 
detection  stages  may  be 
fabricated  using  thin  film 
techniques. 

a)  For  close  channel  spacing, 
low  data  rate  or  comparison  fre¬ 
quency  needed,  placing  severe, 
requirements  on  short-term 
stability  of  VCO. 

b)  Due  to  relatively  narrow  con¬ 
trol  loop  bandwidth,  longer 
settling  times  are  required  after 
channel  selection,  making  it 
difficult  to  switch  frequencies 

at  high  rates  of  speed. 

Elaborate  filtering  is  generally  needed  to  reduce  spurious  and  harmonic  fre¬ 
quencies.  This  makes  microminiaturization  difficult;  thereby,  placing  a  volume 
limitation  on  the  number  of  channels.  The  settling  time  during  switching  has  been 
discussed  above  and  is  a  function  of  the  envelope  delays  in  bandpass  filters,  and  to 
a  lesser  degree,  fixed  delays  in  dividers. 

5. 2. 2. 2. 2  Indirect  Synthesizers 

The  indirect  synthesizer  does  not  have  the  inherent  filtering  problems  asso¬ 
ciated  with  the  direct  synthesizer,  thereby  making  it  ideal  for  microminiaturization. 
All  controlled  divider  stages  may  be  implemented  with  IC's,  and  the  VCO,  reference 
oscillator,  and  frequency  and  phase  detection  stages  may  be  fabricated  using  thin 
film  techniques. 

However,  due  to  relatively  narrow  control  loop  bandwidth,  longer  settling 
times  are  required  after  channel  selection,  making  it  difficult  to  switch  frequencies 
at  high  rates.  Typically,  these  mechanizations  may  have  a  phase  lock  loop  with  high 
gain  and  can  be  designed  for  good  spurious  signal  rejection.  However,  the  high  gain 
can  result  in  phase  noise  which  in  normal  applications  is  not  troublesome. 
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Whsre  the  settling  tlm*  becomes  an  appreciable  part  of  the  frequency  hop  rate, 
more  elaborate  means  may  be  employed,  possibly  using  two  synthesizers,  alternately 
switching  them  on  after  their  respective  switching  transients  have  died  out. 

5. 2. 2. 2. 3  Synthesizer  Designs 

Several  coherent  synthesizers  have  been  designed.  Two  designs  are  at  present 
commercially  available;  one  by  Dana  Laboratories  of  Irvine,  California  and  one  by 
Barry  Research  of  Palo  Alto,  California.  The  latter  is  a  modified  Hewlett-Packard 
design  which  weighs  approximately  200  pounds  and  costs  $30, 000.  Page  Communica¬ 
tions  is  reported  to  have  a  coherent  synthesizer  also.  Of  the  aforementioned  synthe¬ 
sizers,  little  information  is  available  on  the  latter  two  designs.  The  synthesizer 
designed  and  built  by  Dana  Laboratories  and  a  design  by  MRL  will  be  described  in  the 
following  paragraphs.  Table  5-8  summarizes  the  properties  of  commercially  avail¬ 
able  phase-coherent  synthesizers. 

5. 2, 2. 2. 3. 1  Dana  Laboratories  Synthesizer  -  The  Dana  Laboratories  synthesizer 
overcomes  some  of  the  difficulties  associated  with  indirect  digital  synthesizers,  since 
it  simultaneously  achieves  good  short  term  stability  and  can  synthesize  small  fre¬ 
quency  increments.  Its  switching  time  is  still  a  function  of  the  control  loop  bandwidth, 
and  varies  from  less  than  200  microseconds  to  5  milliseconds  (although  specified  at 
5  milliseconds,  approximately  2  milliseconds  is  the  maximum  observed  switching 
time  according  to  Dana  Laboratories),  being  proportional  to  the  difference  between 
successive  hopping  frequencies. 

The  Dana  Laboratories  synthesizer  achieves  the  fine  resolution  (1  Hz  incre¬ 
mental  apacings)  by  adding  an  additional  feature  to  the  standard  "divide-by-N"  phase 
locked  synthesizer.  For  frequencies  between  N  and  N+l  (where  N  is  the  multiplica¬ 
tion  factor  between  the  synthesizer  stable  reference  frequency  and  the  VCO  frequency) , 
the  difference  frequency  is  generated  by  analog  means  outside  of  the  control  loop  and 
introduced  into  the  loop  to  reduce  the  phase  error  to  zero  and  lock  the  VCO  to  the 
desired  frequency.  A  DC  analog  voltage  may  also  be  introduced  into  the  loop  corre¬ 
sponding  to  a  desired  initial  phase  condition  to  set  any  frequency  to  that  phase  condition. 

Figure  5-14  is  a  block  diagram  of  the  synthesizer.  The  example  treated  here 
is  that  of  a  DC  to  11  MHz  synthesizer.  The  output  is  obtained  by  mixing  the  output 
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Figure  5-14.  Dana  Labs  "Digiphase"  Synthesizer 


of  a  digital  synthesizer  of  frequency  range  40  to  51  MHz,  in  1  Hz  steps.  The  basis 
of  the  Dana  Labs  concept  is  that  of  computing  the  desired  numerical  value  of  the  phase 
of  an  ideal  signal  (the  100  KHz  reference)  in  units  of  cycles  and  fractional  cycles,  and 
then  forcing  the  phase  of  a  measured  signal  to  exactly  agree  with  this  computed  phase 
by  means  of  a  control  loop. 

To  mechanize  this  one  must  note  first  that  the  measurement  of  integer  cycles 
of  phase  can  be  performed  digitally  by  simply  counting  axis  crossings  of  an  assumed 
sinusoidal  incoming  waveform.  The  interval  remaining  between  the  last  axis  crossing 
and  a  convenient  fixed  frequency  clock  yields  a  time  delay.  This  delay  can  be  converted 
into  an  analog  quantity  proportional  to  the  fractional  cycle  remainder  of  the  measured 
phase.  By  being  able  to  digitally  measure  integer  cycles  and  analogly  measure  frac¬ 
tional  cycles,  and  being  able  to  numerically  compute  their  ideal  values  on  a  rapid 
basis,  one  can  compare  the  two  values  and  obtain  a  sampled  data  error  signal  to  be 
supplied  to  a  correction  loop. 
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Since  it  is  generally  not  desired  to  simply  have  a  fixed  phase  output,  but  one  of 

a  constant  phase-rate  or  frequency,  the  phase  computer  portion  must  digitally  integrate 

the  programmed  frequency  over  a  sufficiently  long  interval,  and  store  the  result  of 

this  computation  in  a  phase  control  register.  This  computation  must  be  updated  at  a 

rate  equal  to  the  sample  rate  in  the  control  loop.  In  the  example  described  here  the 

rate  is  100  KHz.  The  front  panel  frequency  is  a  seven  digit  decimal  number  with  1  Hz 

resolution,  and  when  integrated  the  numerical  value  of  the  phase  has  a  minimum  incre- 
-5 

ment  of  10  cycles,  for  the  10  nsec  clock  interval.  Computed  phase  value  is  increased 
or  incremented  from  between  400  and  510  integer  cycles  every  10  nsec  to  span  the  range 
of  40  to  51  MHz.  The  remaining  fractional  cycle  portion  of  the  computed  phase  contains 
a  numerical  value  which  should  correspond  to  the  analog  output  obtained  from  the  phase 
detector  if  the  input  frequency  and  phase  are  correct  as  generated  by  the  loop. 


5. 2. 2. 2. 3. 2  Conceptual  Design  of  Phase  Coherent  Frequency  Synthesizer  -  The  MRL 


synthesizer  design  utilizes  the  properties  of  both  the  phase  lock  loop  and  direct  syn¬ 
thesis  to  obtain  a  spectrum  of  frequencies  which  are  phase  coherent.  Figure  5-15 
shows  the  general  approach. 

The  PFS  (Programmable  Frequency  Synthesizer)  is  utilized  to  select  the  desired 
signal  from  the  spectrum  available  in  the  spectrum  generator  -  hence  the  implementa¬ 
tion  appears  as  a  high  pass  filter  to  the  PFS  and  a  low  pass  to  the  spectrum  generator. 
The  successive  combination  of  the  respective  outputs  eliminates  the  noise  associated 
with  the  PFS  (preserving  the  selectivity)  while  maintaining  the  purity  of  the  spectrum 
generator.  In  essence  the  role  of  the  PFS  could  be  visualized  as  a  tunable  low  pass 
filter  operating  on  the  spectrum  generator  output. 


HIGH  PASS  FILTER 
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Figure  5-15.  Conceptual  Approach 
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(.  )  The  PFS  (see  Figure  5-16)  is  basically  a  phase  lock  loop  which  synchronizes 

the  VCO  output  to  the  reference  frequency.  In  this  case  the  reference  is  set  to  provide 
the  proper  spacing  of  frequencies  which  are  selectable  by  controlling  the  VCO  output. 
This  selection  is  done  by  changing  the  value  of  the  mod-N  counter  since  the  VCO  output 
frequency  is  some  multiple  of  the  reference  frequency  (i.  e. ,  N  times  the  reference 
frequency).  Thus,  through  controlling  logic  circuitry  the  interconnection  of  the  mod-N 
counter  different  frequencies  are  generated.  This  control  logic  can  be  controlled  by  a 
pseudonoise  coder  to  provide  programmable  frequencies  on  a  random  basis.  The 
desirable  feature  of  the  PFS  is  its  ability  to  provide  a  spectrum  of  frequencies  -  one 
at  a  time. 

The  spectrum  generator  provides  a  spectrum  of  frequencies  over  a  selected 
band  with  a  spacing  specified  by  the  output  of  the  ’’divide  by  M”  circuit  (see  Figure 
5-17).  The  value  of  the  multiplier  (K)  selects  this  band.  The  resultant  output  is  a 
pulsed  burst  of  energy  at  the  frequency  selected  by  the  value  of  K  with  a  repetition 
frequency  set  by  the  value  of  M.  For  example,  suppose  that  K  is  set  to  provide  a 
60  MHz  output  and  M  is  set  for  200  KHz.  Then  the  spectrum  would  be  a  pulsed  burst 
(  about  60  MHz  every  200  KHz  providing  a  spectrum  of  frequencies.  (For  a  5  MHz 

reference,  55,  60,  and  65  MHz  and  frequencies  in  between  spaced  200  KHz  would  be 
present  which  could  then  be  band  limited  to  a  55-65  MHz  region  for  example. )  The 
desirable  feature  of  the  generator  is  the  frequency  purity,  however,  it  consists  of  a 
set  of  spectral  lines  whereas  only  one  is  required  at  any  one  time. 
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Figure  5-16.  Programmable  Frequency  Synthesizer 
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Figure  5-17.  Synthesizer  Mechanization  Block  Diagram 

By  combining  the  spectrum  generator  and  PFS  as  shown  in  Figure  5-17,  a 
phase  coherent  output  can  be  obtained  which  theoretically  has  tolerable  phase  noise 
yet  is  programmable  over  some  range  of  frequencies.  This  can  be  shown  as  follows. 
The  output  oi'  the  spectrum  generator  can  be  represented  as 

f(SG)  =  cos  (w  jt  +  9(t)  ) 
i 

<*>.  +wi+l  =  (channel  spacing) 

t 

9(t)  =  phase  noise  inherent  in  the  frequency  standard 
and  spectrum  generator  circuitry 

The  output  of  the  PFS  can  be  represented  by 
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(5) 


which  is  the  desired  result.  This  result  is  valid  if  the  filter  time  delay  is  small  com¬ 
pared  to u  ....  When  this  is  not  true,  soraw  degradation  of  9(t)  can  result.  In  order  to 

Of  (w 

minimize  distortion  the  value  of  Af  and  must  be  chosen  to  ensure 

5. 2. 3  HIGH  PEAK  POWER  TWT  TRANSMITTER  TUBE 

A  survey  of  TWT  manufacturers  was  made  to  determine  the  possibility  of  a 
high  peak  power  tube  with  a  pulse  duration  of  4  to  6  milliseconds.  Current  technology 
has  been  directed  toward  radar  and  communications  applications  resulting  in  design 
development  at  both  ends  of  the  pulse  duration  spectrum;  i.  e. ,  CW  and  short  pulse  (up 
to  20  microseconds  -  in  some  cases  500  microseconds).  One  of  the  tradeoffs  in  the 
consideration  of  TDMA  waveform  selection  is  the  possibility  of  extending  the  time 
slot  duration  from  a  60  microsecond  interval  to  intervals  on  the  oraer  of  4  to  6  milli¬ 
seconds.  Because  of  the  random  selection  of  slots  within  a  frame,  two  slots  could 
occur  back  to  back  resulting  in  a  design  requirement  for  the  tube  of  4-6  milliseconds 
with  a  worst  case  of  8-12  millisecond  pulse  duration.  As  the  pulse  duration  increases 
from  several  psec  to  milliseconds,  thermal  heating  in  the  slow  wave  structure  becomes 
significant  resulting  in  a  need  for  a  more  massive  tube  design  to  dissipate  the  heat. 

The  crossover  point  beyond  which  thermal  heating  builds  up  to  a  significant  amount 
occurs  in  the  100  to  500  psee  pulse  duration  region.  In  addition,  these  longer  pulses 
tend  to  cause  hot  spots  on  the  helix  with  periodic  permanent  magnet  design  (for  beam 
focusing)  resulting  in  the  use  of  solenoids  which  further  increase  the  weight  and.  power 
supply  requirements.  Thus  a  tradeoff  between  the  tube’s  physical  parameters  and 
the  pulse  duration  requirement  can  be  made  to  optimize  the  design  for  airborne  and 
3pace  applications.  Although  power  (and  pulse  duration)  can  be  traded  off  with  weight 
and  gain  with  size  (length) ,  there  are  bounds  due  to  the  frequency  of  operation,  basic 
structure  and  focusing  requirements,  etc.  Preliminary  estimates  by  industry  appear 
to  size  out  the  minimum  tube  parameters  as  one  of  40  pounds  in  weight,  36  inches  in 
length  with  a  30-50  db  gain.  Such  a  tube  will  require  engineering  development  but  is 
within  the  state  of  the  art. 

Futuie  improvements  in  tube  construction,  focusing  methods,  etc.  should 
decrease  the  weight  and  increase  tube  efficiency.  New  developments  such  as  gridded 
cross  field  devices  (GCFA)  recently  developed  by  Warnecke  Electron  Tubes,  Inc. .  may 
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provide  a  better  packaging  form  factor  but  present  GCFA  gains  require  a  TWT  driver 
such  that  total  pack  parameters  may  not  significantly  change.  A  traveling  wave  tube 
today  with  approximately  a  one  year  engineering  development  would  have  the  following 
specifications: 


Frequency  of  Interest 

Peak  Power 

Duty  Factor 

Pulse  Duration 

Efficiency 

Gain 

Weight 

Length 

Diameter 

Beam  Focus 


1. 5  GHz  (1-2  GHz) 

100  Kw 

1%  or  less 

to  12  milliseconds 

30%  to  40%  (with  depressed  collector) 

30  to  50  db 
nominally  40  pounds 
36  inches  (50  db  gain) 

4  inches  with  cooling  (3  inches  with  magnets) 
periodic  permanent  magnets 


5.2.3. 1  Tube  Design 


Tubes  can  vary  in  size  from  30+  inches  to  six  feet  and  in  weight  from  35  to  200 
pounds,  depending  upon  gain  and  wave  structure  design.  Coupled  cavity  designs  require 
more  weight  and  size  than  a  ring  bar  slow  w?  ce  helix  design.  With  the  use  of  the  latter 
design,  weights  on  the  order  of  35-65  pounds  can  be  achieved  depending  upon  beam 
focusing  requirements.  Care  must  be  taken  in  the  design  to  form  the  beam  down  the 
structure  and  prevent  hot  spots  from  occurring  on  the  helix.  This  may  require  z 
solenoid,  however,  the  consensus  is  that  periodic  permanent  magnets  can  be  utilized 
tor  the  100  Kw  peak  power.  This  would  have  to  be  confirmed  in  the  design  effort.  Tube 
size  is  proportional  to  gain,  therefore,  an  increase  from  30  db  to  50  db  would  result  in 
an  increase  in  axial  length  and  some  weight  for  the  focusing  magnets.  A  tradeoff  would 
be  made  between  high  gain  (50  db)  with  the  use  of  a  solid  state  driver  and  lower  gain 
with  the  use  of  ahigheriiower.driver  to  obtain  the  optimum  package  in  size,  weight,  and 
overall  efficiency.  Depressed  collector  design  (operating  the  collector  near  the 
cathode  potential)  results  in  an  increase  of  some  7%  to  10%  in  efficiency  over  the  basic 
30%  efficiency  of  the  tube,  hov/ever,  a  TWT  driver  could  be  expected  to  have  a  some¬ 
what  lower  efficiency,  hence  the  solid  state  driver  would  be  desirable.  Although  the 
tube  size,  weight'and  efficiency  will  be  minimized  in  a  design  tradeoff,  the  frequency 
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of  1.5  GHz  and  the  high  peak  power  will  limit  the  tube  to  approximately  the  35  to  40 
pounds,  30  inch  length  at  the  present  time.  It  is  felt  that  from  the  tube  design  point  of 
view,  1. 5  GHz  is  not  the  optimum  frequency  for  minimum  physical  dimensions.  Approxi 
mately  2. 5  to  3, 0  GHz  would  be  the  optimum  frequency  which  would  result  in  a  reduction 
of  25%  in  weight  and  size  over  the  1. 5  GHz  design  for  the  same  set  of  requirements. 

The  exact  frequency  and  reduction  factor  of  course  could  be  determined  in  a  design 
effort  as  one  of  the  tradeoffs  is  desired. 

'The  pulse  duration  requirement  will  require  a  sizeable  cathode  capable  of  such 
emissions  over  the  4  to  12  millisecond  duration  postulated.  Thus  a  trade  in  peak 
power  versus  average  power  results  in  significant  increases  in  the  tube's  physical 
parameters.  Table  5-9  lists  some  of  the  characteristics  of  a  1  Kw,  CW  tube  with 
those  postulated  for  a  100  Kw  peak,  1%  duty  factor  tube. 


Table  5-9.  TWT  Tube  Parameters 


1  KW  Tube 

High  Power 
Tube 

Frequency  Range 

1-2  GHz 

1-2  GHz 

Duty  Cycle 

100% 

1% 

Saturated  Power  Out 

1800  watts 

100  Kw 

Saturated  Gain 

3C  db 

50  db 

Collector/Helix  Voltages 

~3. 6  Kv 

~50  Kv 

Efficiency 

15% 

37% 

Weight 

15  pounds 

45  pounds 

Length 

20  inches 

36  inches 

Total  Outside  Diameter 

2,  5  inches 

4  inches 

5.2.4  LOGIC  COMPONENTS  -  LSI/MSI 

Present  availability  of  logic  components  are  primarily  of  the  MOS  type  for 
large  size  shift  registers  and  memories  (50  bits  or  more)  because  of  its  ability  to  pro¬ 
vide  a  number  of  bits  efficiently  in  terms  of  size  and  power  dissipation.  Although 
considerable  progress  is  being  made  along  the  lines  of  "circuit  function"  integration; 
i.  e. ,  from  standard  (SSI)  scale  to  medium  (MSI)  or  large  (LSI)  scale  integration,  it  is 


done  on  the  basis  of  general  industrial  usage.  The  development  of  LSI  packages 
requires  a  high  initial  cost  which  must  be  amortized  over  a  large  quantity  thus  imply¬ 
ing  either  a  large  amount  of  user  equipment  or  a  highly  repetitive  type  circuit.  The 
computer  and  computer  related  industries  are,  by  far,  the  largest  users  of  integrated 
circuits;  therefore,  the  emphasis  for  integration  is  on  counters  and  shift  registers. 

Figure  5-18  illustrates  the  criteria  in  choosing  the  type  of  logic  circuitry.  The  figure 
represents  the  percentage  of  standard,  MSI,  LSI,  etc.  utilized  in  a  particular  system 
with  respect  to  number  of  gates.  This  is  baeed  on  cost,  reliability  maintenance  and 
particular  constraints  that  may  require  a  particular  choice  and  presents  a  trend  rather 
than  specific  usage  per  se,  The  transition  from  ihe  standard  product  can  cover  limited 
integration  (hybrid),  available  arrays  with  flexibility  in  performance  due  to  various  inter¬ 
connections  (which  can  be  requested),  to  full  scale  integration  of  circuit  functions.  The 
impact  on  system  cost  is  shown  in  Figure  5-19  which  relates  three  possible  approaches 
in  terms  of  cost  per  gate  versus  number  of  gates.  Again  high  usage  is  implied  for 
economic  utilization. 

5.2.4. 1  Trends 

As  stated  previously,  the  large  memory /shift  register  approaches  use  MOS 
technology  which  inherently  limits  the  clock  speed  capability  to  approximately  5  MHz. 
Presently  available  shift  registers  now  have  some  256  bits.  Figure  5-20  shows  the 
projected  trend  of  register  sizes  over  the  years.  With  increased  integration,  the 
power  consumption  will  decrease  and  larger  size  registers  are  forecast.  High  speed 


(  Figure  5-18.  Integrated  Circuit  Approach  Versus  Quantity 
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logic  of  the  MECL  IE  Type  has  reached  500  MHz  in  theory,  with  shift  register  reliably 
clocking  at  250-300  MHz.  However,  as  shown  in  Figure  5-21,  the  power  dissipation 
increases  with  speed.  It  is  anticipated  that,  although  careful  integration  can  again 
minimize  total  power  dissipation  requirements  by  using  lower  level  internal  "gates, 
speeds  will  not  be  greatly  increased  in  the  next  few  years.  This  is  because  of  the  need 
for  new  techniques  in  interconnection,  such  as  transmission  lines,  etc. ,  for  high  fre¬ 
quencies,  and  associated  problems  which  will  probably  slow  down,  momentarily  at  any 
rate,  the  slope  of  increased  speed  versus  time. 

Thus,  in  summary,  standard  arrays  such  as  shift  registers,  counter,  standard 
logic  gates  array  with  custom  interconnection  will  be  available  in  increasing  capacity 
for  speed  and  bit  length  but  specialized  circuits,  such  as  digital  phase  lock  loops  as  a 
case  in  point  for  communications,  will  not  be  readily  developed  by  IC  manufacturers 
in  LSI  form. 
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Figure  5-21.  Propagation  Delay  Per  Gate  Versus 
Power  Consumption  Typical  Values 
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Several  unique  implementations  were  investigated  to  determine  the  degree  of 
difficulty  to  the  mechanization  and  the  resultant  impact  on  integrated  circuit  design. 

The  following  circuits  are  typical  of  the  non-standard  (in  today’s  IC  world)  circuit 
functions  that  could  be  integrated  on  sn  LSI  basis  to  provide  small  size,  weight  and  cost 
for  the  total  ICNI  system. 

5. 2.4. 2. 1  Digital  Matched  Filter 

An  integrated  circuit  implementation  of  a  digital  matched  filter  has  been  made 
practical  through  the  realization  of  large  scale  integration  (LSI).  Figure  5-22  shows  a 
practical  integratable  basic  element  of  a  digital  matched  filter.  The  element  contains 
two  registers,  one  for  the  quantized  input  signal  and  one  for  the  replica  signal,  and  in 
addition,  a  series  of  modulo-two  adders  and  a  summer.  These  elements  can  be  con¬ 
nected  hi  series  to  obtain  the  desired  filter  length  and  in  parallel  to  accommodate 
multilevel  quantization.  For  the  case  of  multilevel  quantization,  the  sum  outputs  are 
weighted  depending  on  the  quantized  value  of  the  bits  input  to  the  register. 

To  achieve  the  most  bits  per  integrated  match  filter  element,  the  logical  choice 
of  semiconductor  technology  is  MOS.  Presently  available  MOS  integrated  circuits 
provide  dual  100  bit  shift  registers  on  a  single  chip.  The  complexity  of  a  modulo-two 
adder  is  approximately  equal  to  a  shift  register  element,  likewise  the  complexity  of 
the  summer  is  about  the  same  as  the  complexity  of  n  shift  register  elements,  where 
n  is  the  number  of  inputs  to  the  summer.  Thus,  a  single  integrated  circuit  chip  that 
accomplishes  the  50  bit  matched  filter  iuncti on  shown  in  Figure  5-22  should  be  about  the 


Figure  5-22.  Matched  Filter  Element. 


same  in  complexity  as  a  200  bit  shift  register.  The  price  paid  for  this  high  density 
is  operating  speed.  The  majority  of  the  dual  100  bit  registers  have  a  maximum  shift 
rate  of  2  megabits/second,  although  one  manufacturer  claims  100  megabits/second  for 
a  dual  50  bit  register.  Therefore,  optimistically,  one  might  expect  to  obtain  a  10  mega¬ 
bit  per  second  matched  filter  element  that  is  50  bits  in  length.  For  higher  frequency 
operation,  bipolar  semiconductors  must  be  employed  and  from  complex  circuits  avail¬ 
able  one  might  expect  16  bits  of  match  filter  element  on  a  single  chip  with  shifting 
rates  of  30  megabits  /second. 

5. 2.4. 2. 2  Digital  Phase  Lock  Loop 

* 

The  following  summarizes  an  approach  to  the  mechanization  of  a  digital  phase 
lock  loop  (PLL)  is  shown  along  with  the  design  equations;  in  addition,  the  PLL  is 
extended  to  a  Costas  loop. 

For  purposes  of  explanation,  a  first  order  PLL  is  shown  in  Figure  5-23  and 
the  waveforms  associated  with  this  loop  as  shown  in  Figure  5-24,  This  digital  PLL 
implementation  requires  that  the'input  signal  be  hardlimited  and  enter  the  loop  as  a 
square  wave.  The  input  square  wave  is  mod-2  added  to  the  output  signal.  The  output 
signal  matches  the  input  signal  in  frequency  but  not  in  phase.  Because  of  the  phase 
offset  a  control  signal  appears  at  the  output  of  the  mod  2  adder.  The  duty  cycle  of 
the  control  signal  determines  the  number  of  pulses  that  drive  the  counter  from  fre¬ 
quency  sources  and  f^.  When  the  control  signal  is  in  the  true  state  clock  pulses 
from  generator  f^  drive  the  counter  and  when  the  control  is  in  the  false  state  clock 
pulses  from  generator  g^  drive  the  counter.  The  counted  mix  of  pulses  from  generator 
gj  and  fj  match  the  frequency  of  the  input  signal. 

A  second  order  loop  is  shown  in  Figure  5-25,  The  second  order  loop  is 
accomplished  by  adding  to  the  first  order  loop  another  counter  and  frequency  source. 

As  before,  f^  and  g ^  drive  counter  one  according  to  the  duty  cycle  of  the  control  sig¬ 
nal  but  when  a  count  equal  to  M  is  reached  in  counter  two,  the  contents  of  counter  one 
are  transferred  to  counter  two,  counter  one  is  reset,  and  the  state  of  the  output  flip- 
flop  is  changed.  When  the  loop  is  locked  the  count  of  M  is  reached  in  counter  two 

?Je  -  -  -  - 

G.  Pasternack  and  R.L,  Whalin,  "Analysis  and  Synthesis  of  a  Digital  Phase  Lock 
Loop  for  FM  Demodulation, "  Bell  System  Technical  Journal,  December  1968, 
pp.  2207-2237. 
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Figure  5-23.  First  Order  Digital  Phase  Lock  Loop 

every  half  period.  Counter  two  is  driven  by  frequency  f2  when  the  control  signal  is 
in  the  true  state. 

In  the  reference,  the  equations  relating  the  digital  PLL  parameters  to  the 
analog  PLL  are  developed  for  an  analog  loco  with  characteristic  equation 


O  O 

s  +  y2  a  +  w  =  0 
n  n 

It  is  shown  that  the  equations  for  f^,  g^,  and  fg  are: 
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Figure  5-24.  Wavefoi’ms  for  Digital  Phase  Lock  Loop 
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Figure  5-25.  Second  Order  Digital  Phase  Lock  Loop 


4Mfm  cos  (a) 
cos  (a)  -  sin  h  (o’) 
2Mfm  exp  (a) 
cos  (or)  -  sin  h  (o?) 

2Mfm  exp  (-a) 
cos  (o’)  -  sin  h  (a) 


where  fm  is  the  average  value  of  the  input  frequency  and  X  is  the  decoded  count  of 
counter  two  that  causes  an  output.  The  value  of  M  is  determined  by  the  maximum 
amount  of  output  phase  jitter  that  is  tolerable.  The  peak  phase  jitter  can  be  cal¬ 
culated  from 


5-26., 


ife).e.qqk=  1 

T(k)  1  + 


M-^fm 


The  second  order  PLL  can  be  extended  to  a  Costas  loop  as  shown  in  Figure 


To  demonstrate  the  ease  at  which  a  digital  phase  lock  loop  of  the  above  type 
can  be  implemented,  Figure  5-27  shows  a  block  diagram  of  a  second  order  PLL, 
where  each  block  represents  an  integrated  circuit  that  is  available  off-the-shelf 
today.  The  PLL  requires  9  flat  packages  mainly  because  the  specific  functions 
required  have  never  been  put  on  a  single  chip.  This  implementation  assumes  the 
existance  of  f  ,  f2>  and  gr  Because  of  the  availability  of  the  DM  7563  counter  it  was 
used  throughout  the  design,  but  if  a  custom  integrated  circuit  were  built  then  a  more 
simple  counter  design  would  be  used.  In  addition  two  counter  packages  are  shown  in 

O 

cascade  which  give  a  maximum  count  of  2  =  256;  a  count  this  high  would  probably  not 
be  required. 
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Figure  5-26.  Digital  Costas  Loop 
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Figure  5-27.  Digital  Phase  Lock  Loop  Implemented  with 
Off-the-Shelf  Integrated  Circuits 


If  a  custom  integrated  circuit  were  desired  and  the  maximum  count  of  64  were 
sufficient,  this  digital  PLL  could  be  implemented  on  a  single  chip  today.  The  com¬ 
plexity  of  this  device  is  equivalent  to  about  14  flip-flops  and  29  gates.  This  com¬ 
plexity  is  considerably  less  than  the  Model  3101-64  bit  Bipolar  Scratch  Pad  Memory 
made  by  Intel  Corporation.  There  are  very  complex  MOS  circuits  but  due  to  the  need 
to  count  at  relatively  high  rates  (i.  e. ,  about  64  times  that  of  the  input  rate)  the  MOS 
complex  arrays  must  be  ruled  out.  If  one  were  to  produce  a  digital  PPL  today  with 
minimum  cost,  minimum  risk,  and  reasonably  small  size,  the  job  should  be  done 
with  three  integrated  circuits.  The  Motorola  XC  177  takes  care  of  the  gates  and  .two 
custom  flip-flop  chips  would  be  required,  but  there  is  no  doubt  of  obtaining  them  since 
8  flip-flop  circuits,  on  a  single  chip,  are  available  from  several  manufacturers, 

5. 2. 4. 2.3  Sequential  Decoder  Implementation  Study 

This  section  describes  the  results  of  a  preliminary  study  of  the  implementation 
of  a  sequential  decoder  potentially  capable  of  operating  at  high  data  rates*  (in  excess 

This  work  was  initiated  originally  in  connection  with  Contract  #DAAB07~68-C-0263 
for  U.  S.  Army  Satellite  Communication  Agency. 
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of  1  megabit/second)  as  well  as  at  2400  bps  for  CNI  application.  The  decoder  uses  a 
rate  1/2,  systematic  code,  and  accepts  the  raw  binary  digits  from  the  demodulator. 

The  algorithm  is  given  in  Appendix  I  of  Volume  JI,  and  the  performance  realized  in 
computer  simulations  is  described  in  Section  7. 3. 2  of  Volume  II. 

A  decoder  of  the  size  under  consideration  requires  the  use  of  semiconductor 
memory,  since  the  decoder  is  not  large  enough  to  realize  the  economies  of  scale  for 
core  memories.  One  feature  of  the  above  algorithm  is  that  it  allows  specialization  of 
the  memory.  A  gross  block  diagram  of  the  decoder  is  shown  in  Figure  5-28.  The 
received  information  bits  are  shifted  into  an  encoder  that  is  a  duplicate  of  the  encoder 
used  in  the  transmitter.  The  check  bits  generated  by  this  encoder  are  mod-2  added 
with  the  received  check  bits.  The  result,  called  ttie  syndrome,  contains  all  of  the 
information  required  by  the  decoder  to  detect  errors  in  the  received  information  bits. 
The  syndrome  is  then  entered  into  the  random  access  memory  (RAM).  The  information 
bits,  which  are  not  needed  in  the  decoding  process  are  delayed  by  an  amount  equal  to 
the  delay  through  the  random  access  memory.  The  output  of  the  RAM,  which  contains 
I's  in  the  error  locations,  is  mod-2  added  with  the  delayed  information  bits,  thus 
accomplishing  the  correction  of  errors. 
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Figure  5-28.  Sequential  Decoder  Block  Diagram 


The  delay  line  may  be  implemented  with  MOS  shift  registers  which  offer 
considerably  lower  cost  and  higher  density  than  fast  random-access  semiconductor 
memories.  For  example,  dual  100-bit  MOS  shift  registers  are  priced  at  $30  or 
15  cents/bit,  while  16  bit  RAM’s  in  MECL II  are  priced  at  $12  or  75  cents/bit.  Thus, 
this  decoder  organization  provides  both  a  significant  cost  reduction  with,  a  significant 
package  count  reduction. 

The  algorithm  is  also  designed  to  accomplish  a  maximum  amount  of  computa¬ 
tion  each  clock  cycle  in  order  to  obtain  a  greater  effective  speed  factor  in  the  decoder. 

A  tree  diagram  of  the  decoder  possibilities  is  shown  in  Figure  5-29.  If  the  present 
search  node  is  2,  the  decoder  computes  the  best  of  the  6  other  nodes  and  moves  directly 
to  that  node.  The  Fano  algorithm  makes  available  only  nodes  1,  4,  and  5  as  possible 
moves  from  node  2.  This  capability  increases  the  effective  speed  factor  of  the  decoder. 

Another  improvement  is  the  mechanization  of  the  encoders.  As  shown  in 
Figure  5-28,  the  logic  signals  must  propagate  through  log2  (K/2)  logic  delays,  where 
K  is  the  constraint  length,  thus  slowing  the  operation  of  the  encoder.  This  is  especially 
critical  in  the  hypothesis  encoder  used  in  the  decoder,  since  it  adds  directly  to  the 
time  required  to  compute  one  node.  A  preferable  implementation  uses  the  impulse 
response  of  the  encoder,  which  results  in  only  one  logic  delay,  thus  speeding  up  the 
decoder  computation  rate. 


669-1355 

UNCLASSIFIED 


Figure  5-29.  Tree  Diagram 
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A  more  detailed  block  diagram  of  the  decoder  is  shown  in  Figure  5-30.  The . 
received  information  bits  are  passed  through  an  encoder.  The  resulting  check  bits 
are  mod-2  added,  producing  the  syndroms.  The  syndrome  is  then  buffered  into  the 
random-access  memory.  The  error  corrected  syndrome  is  buffered  out  of  the  RAM 
and  mod-2  added  to  the  delayed  "dirty"  information  bits  producing  "clean’'  bits  for 
output.  The  RAM  is  organized  in5o  L-2  bit  words.  Four  2-bit  words  are  read  in  and 
out  in  parallel  to  provide  an  effective  speed  up  of  four  in  memory  access  time.  The 
memory  address  is  selected  from  one  of  two  counters.  One  counter  contains  the  address 
of  the  input-output,  while  the  other  contains  the  address  of  the  decoder. 
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Figure  5-30. '  Sequential  Decoder  Block  Diagram 
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The  1-0  counter  is  incremented  by  one  every  fourth  information  bit,  and  a  1-0 
read-write  cycle  is  stolen  from  the  decoder.  The  decoder  counter  is  an  up-down 
counter  that  is  incremented  by  one  each  time  the  decoder  moves  ahead  or  behind  four 
nodes. 


There  is  a  two-level  buffer  on  the  decoder  side  of  the  RAM.  This  is  to  enable 
the  decoder  to  proceed  at  maximum  speed  in  either  direction  or  reverse  itself  at  any 
time  without  having  to  wait  for  an  extra  memory  cycle.  The  second  level  buffer  is 
also  a  right-left  shift  register.  The  syndrome  in  this  buffer  is  shifted  into  an  encoder. 
The  decoder  logic  determined  the  presence  of  errors  and  inserts  a  "one"  in  the  hypo¬ 
thesis  register  when  err  :u  s  are  located.  The  decoder  logic  also  computes  the  new 
value  of  the  metric,  the  tilted  distance  function,  and  stores  this  in  the  metric  register. 
This  logic  also  decides  whether  to  s  earch  forward  or  backward  and  raises  and  lowers 
the  threshold  when  needed. 

It  should  be  noted  that  there  is  no  separate  back-up  buffer;  it  has  been  included 
in  the  RAM.  This  was  done  because  the  RAM,  which  is  constructed  of  ME  CL  II 
circuits,  is  sufficiently  fast  that  a  separate  back-up  buffer  is  unnecessary,  thus 
resulting  in  fewer  packages. 

It  is  estimated  that  the  decoder  logic  and  control  together  with  the  metric 
register  can  be  implemented  in  about  40  flat  packs  of  Motorola  MECL II  and  MECL  in. 
This  figure  is  independent  of  buffer  size  and  encoder  constraint  length.  For  a  con¬ 
straint  length  of  32,  the  implementation  requires  a  total  of  about  250  flat  packs  for  the 
encoder  and  the  RAM  for  512  nodes  of  storage,  including  associated  buffers  and 
address  counters.  It  is  estimated  that  the  above  decoder  can  be  operated  at  a  clock 
rate  for  computing  as  high  as  50  MHz;  hence,  is  more  than  capable  of  CNI  data  rates. 
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APPENDIX  I 

PAIRED  ECHO  INTERPRETATION  OF  DISTORTION 

The  guidelines  for  100  MHz  and  +3.5  degrees  were  obtained  by  considering  two 
cases:  amplitude  distortion  only  and  phase  distortion  only.  The  approach  is  briefly 
described  below  and  is  used  as  a  guideline  only.  In  actuality  the  process  is  complex 
and  involves  both  phase  and  amplitude  distortion. 

1-1.  AMPLITUDE  DISTORTION 

To  a  first  order  approximation  distortion  due  to  amplitude  can  be  viewed 
independently  as  follows.  Given  a  characteristic  as  shown  in  Figure  1-1  where  the 
phase  is  proportional  to  frequency  and  the  amplitude  characteristic  is  sinusoidal 
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Figure  1-2.  A  Nonlinear  Phase  Transmission  Characteristic 


*S.  Goldman,  "Frequency  Analysis, 


Modulation  and  Noise, "  pp.  103. 
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1-2.  PHASE  DISTORTION 


For  the  case  of  constant  amplitude  and  phase  variation  from  linear  (b^  in 
radian)  as  shown  in  Figure  1-2,  the  effect  of  phase  variation  to  a  first  order 
approximation  can  be  seen. 


A(w)  =  K  (s; 

B(co)  =  -  bQco  +  b^  sin  c^u  (6] 

Here  again  the  output  G(t)  can  be  shown  as  a  signal,  undistorted,  plus  echoes  where 


f  S(„)Ke!^  +  ^(“)-bo“  +  blsinol“)4a  = 

-00 

K  [Jc(bl)g(t-b0)  +31  (bj)  G(t-b0  +  C1)  -  J^)  G(t-bo-c)]  (7) 

the  echoes  here  are  of  opposite  polarities  and  given  the  proper  relationship  between 
and  the  pulse  width  (of  a  pulse  train,  for  example)  could  conceivably  cancel. 

To  minimize  the  phase  distortion  for  the  above  case,  the  ratio  of  echo  to  signal 
Jl(b.)/J  (b^)  must  be  minimized.  Figure  1-3  shows  the  ratio  as  a  function  of  the 
excursion  in  radians.  For  0. 02  <  b  <  0. 05,  the  variation  from  linearity  must  be  3-5 
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APPENDIX  E 

CIRCULATOR  CONSIDERATIONS 
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The  best  technique  for  separating  the  input  and  output  signals  is  through  the 
use  of  a  circulator.  The  simplest  form  of  the  circulator  coupled  with  a  tunnel  diode 
amplifier  is  shown  in  Figure  H-l.  Typical  circulator  parameters  for  a  single 
junction  are:  (1)  VSWR1.2,  (2)  forward  loss  0. 2  db,  (3)  reverse  loss  20  db.  In 
order  to  examine  the  behavior  of  the  various  types  of  circulator  coupled  tunnel 
diode  amplifiers  (Figures  H-l  -  II-4),  let  us  assume  that  the  above  circulator  para¬ 
meters  hold  for  each  junction  and  that  the  tunnel  diode  amplifier  has  17  db  gain.  By 
applying  these  parameters  to  evaluate  the  effects  of  various  signal  paths  for  the  four 
amplifiers  we  obtain  the  results  presented  in  Table  II— 1.  It  is  obvious  that  the  3-port 
circulator  coupled  tunnel  diode  amplifier  will  be  satisfactory  only  at  very  low  gain 
or  where  the  source  and  load  matches  are  very  good.  The  4-port  circulator  with 
the  tunnel  diode  amplifier  on  the  first  junction  has  good  load  stability  and  with  the 
tunnel  diode  amplifier  on  the  second  junction  has  good  source  stability.  The  5-port 
circulator  on  the  second  junction  has  good  source  stability.  The  5-port  circulator 
tunnel  diode  amplifier  has  good  load  and  source  stability.  It  is  best  for  most 
applications;  however,  it  is  slightly  larger  and  does  have  0. 2  db  higher  noise  figure 
than  the  first  two  because  of  the  extra  junction  in  front  of  the  tunnel  diode  circuit. 
Another  factor  to  consider  is  out-of-band  oscillation.  Any  condition  within  the 
amplifier  that  leads  to  a  loop  gain  through  the  tunnel  diode  amplifier  of  unit  at  any 
frequency  will  cause  oscillation. 


i, 
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TERMINATION 


Figure  II-l.  3-Port 
Circulator  TDA 


Figure  H-3.  4-Port  Circulator  TDA 
On  Second  Junction 


RF  OUT 


Figure  II-4.  5-Port  Circulator  TDA 

569 -m 
UNCLASSIFIED 


Table  n-1.  Circulator 
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SECTION  VI 

DEMONSTRATION  CONCEPT 


The  majority  of  the  effort  expended  during  the  study  was  devoted  to  topics 
within  Task  A001,  which  defined  a  preferred  full-capacity  waveform  for  ultimate  CNI 
application.  The  studies  and  rationale  leading  to  selection  of  the  FH/PN/TH  full- 
capacity  waveform  have  been  presented  in  the  preceding  sections.  This  section 
develops  a  recommended  demonstration  concept  suitable  for  immediate  implementa¬ 
tion  within  the  state  of  the  art  to  indicate  feasibility  of  the  full-capacity  preferred 
waveform  and  validity  of  the  general  integration  concept  of  CNI. 

6..1  SIGNAL  DESIGN  PARAMETER  SCALING  {TASK  A0021 

The  purpose  of  Task  A002  is  to  derive  a  scaled  down  version  of  the  full- 
capacity  CNI  signal  design  which  can  be  readily  and  economically  implemented  in 
order  to  provide  a  test  bed  for  the  experimental  evaluation  of  the  CNI  concept.  It 
is  important  to  emphasize  that  the  efforts  in  support  of  this  task  were  primarily 
motivated  towards  the  functional  development  of  a  CNI  demonstration  transceiver 
with  relatively  little  regard  for  the  potential  operational  problems  inherent  in  a  fully 
deployed  system.  However,  in  order  to  sensibly  scale  the  parameters  of  the  full- 
capacity  signal  design,  it  was  necessary  to  hypothesize  a  limited  set  of  nominal 
system  constraints. 

In  regards  to  postulating  an  operational  environment  which  provides  the  overall 
rationale  for  sizing  the  parameters,  it  was  decided  to  restrict  consideration  to  an 

organized  hypothetical  satellite  mode.  This  situation  allows  an  analysis  of  a  state 
of  the  art  down  link  power  budget  without  having  to  formulate  a  system  operational 
doctrine  or  a  detailed  system  organization.  The  on1*'  essential  feature  which  this 
approach  does  not  take  into  account  is  the  near-far  problem  associated  with  a  direct 
(nonsatellite)  mode-  of  operation.  However,  provision  can  be  made  to  demonstrate 
experimentally  the  performance  of  the  CNI  waveform  in  a  simulated  near-far  environ¬ 
ment  if  it  is  deemed  necessary. 

Following  the  general  sizing  of  the  signal  parameters,  consideration  Is  given 
to  a  functional  design  of  a  transceiver  which  will  demonstrate  the  attributes  of  the 
preferred  signal  design.  At  this  point  in  time  it  would  appear  sensible  to  restrict 
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the  demonstration  to  the  controlled  environment,  and  in  addition  (at  least  initially) 
restrict  the  equipment  required  to  a  pair  of  modems.  This  obvious  simplification 
which  will  significantly  reduce  hardware  costs  associated  with  the  demonstration  can 
be  justified  on  a  number  of  counts.  For  example,  it  avoids  having  to  make  what 
appears  to  be  at  this  time  a  very  arbitrary  choice  with  regard  to  operating  frequency. 
Secondly,  the  RF  equipment  should  not  seriously  degrade  the  signal  processor’s 
performance.  In  a  similar  vein,  rather  than  processing  four  individual  navigation 
signals  as  would  be  the  case  for  a  full-capacity  system,  the  demonstration  will  be 
confined  to  the  time  of  arrival  measurement  of  a  single  navigation  signal.  Since 
the  basic  requirement  of  the  demonstration  is  to  perform  multiple  signal  processing, 
both  a  voice  and  a  data  link  are  included  in  addition  to  the  navigation  signal.  However, 
the  Statement  of  Work  calls  out  an  RF  implementation  of  the  demonstration  transceiver 
which  could  enable  testing  between  ground  and  an  airborne  platform.  Hence,  functional 
design  will  enclude  the  RF  at  roughly  1. 5  GHz,  so  as  to  meet  the  stated  requirements. 

The  preferred  full-capacity  signal  structure  is  described  generically  as  a  FH/ 
PN/TH  hybrid.  We  intend  to  impose  a  phase  coherency  requirement  on  the  frequency 
hopping  in  order  to  demonstrate  feasibility  of  very  accurate  time  of  arrival  measure¬ 
ments  (i.  e. ,  NAV  function)  consistent  with  total  bandwidth  occupancy.  It  is  convenient 
from  an  implementation  point  of  view  to  select  the  total  number  of  frequency  slots 
available  to  the  system  to  be  equal  to  some  power  of  two.  Here  we  will  arbitrarily 
choose  32  frequency  slots  each  of  which  are  equally  likely  and  one  of  which  can  be 
occupied  by  a  modulated  PN  carrier  at  a  given  instant  in  time.  It  is  also  very  con¬ 
venient  to  select  a  basic  time  slot  size  which  is  equal  to  or  some  submultiple  of  the 
frequency  hop  dwell  time.  In  general  then  a  particular  transmission  burst  may  occupy 
several  of  these  elementary  time  slots  in  order  to  conduct  reliable  processing  at  the 
receiving  terminal. 

For  our  purposes  here  it  is  sufficient  to  characterize  the  hypothetical  (near- 
term)  satellite  system  in  terms  of  a  down  link  power  budget  as  shown  in  Table  6-1. 

This  clearly  represents  the  limiting  case  where  the  receiving  terminal  consists  of  a 
typical  high  performance  aircraft  without  a  directive  antenna.  The  path  loss  calcula¬ 
tion  was  based  on  the  arbitrary  choice  of  an  L-band  operating  frequency  and  a  maximum 
6  *  * 

slant  range  of  25  x  10  meters.  We  note  that  for  this  hypothetical  situation  the  received 
signal  power  to  noise  power  density  (per  Hz)  ratio  is  50  db. 
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Table  6-1.  Down  Link  Power  Budget  Summary 


Transmitter  Power  (30  watts) 

15  dbw 

Transmitter  Antenna  Gain 

20  db 

Path  Loss  (\/4?rD)^ 

-190  db 

Misc.  Losses 

-  3  db 

Receiver  Antenna  Gain 

0 

Received  Power 

-158 

Noise  Power  Density 

-208 

Because  of  the  inherent  TDMA  nature  of  the  signal  design,  it  is  necessary  to 
determine  a  minimum  time  slot  size.  It  can  be  readily  shown  that  the  minimum  slot 
size  is  given,  by  the  expression 


where 


*V  _  _ T 

s  ~  P/N 


E/Nq  =  the  required  energy  per  bit  to  noise  density  ratio 

P/Nq  =  the  received  signal  power  to  noise  density  ratio 
M  =  the  number  of  bits  in  a  time  slot 


It  is  evident  that  the  slot  size  depends  on  the  modulation  scheme  through  the  E/Nq 
ratio.  For  the  demonstration  system,  we  propose  to  employ  DPSK  as  the  modulation 
form.  To  satisfy  the  voice  communication  requirements,  we  suggest  the  use  of  a 
2,400  bps  vocoder  which  we  assume  can  be  made  available  for  the  demonstration..  If 
we  take  as  an  appropriate  threshold  a  1%  bit  error  probability,  an  E/No  of  approxi¬ 
mately  6  db  is  required  at  the  receiver.  The  corresponding  minimum  time  slot  size 
is  then  of  the  order  of  40  microseconds  per  bit.  If  we  now  arbitrarily  select  a  frame 
time  of  approximately  1  second,  we  can  transmit  a  burst  of  2400  bits  of  vocoded 
voice  in  160  milliseconds  at  a  burst  rate  of  15. 4  kbps.  An  additional  portion  of  the 
1  second  frame  must  be  reserved  for  digital  data.  For  this  reason,  we  consider  as 
appropriate  a  simulation  of  a  data  source  which  provides  data  at  a  4. 8  kbps  rate. 
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Without  coding  a  bit  error  rate  of  10  is  adequate  for  the  purpose  at  hand.  This 
requires  an  E/N  of  approximately  8  db  thus  establishing  a  minimum  slot  size  of 
62, 3.5  microseconds  per  bit.  It  is  now  possible  to  transmit  a.  frame  of  digital  data  in 
320  milliseconds  at  a  burst  rate  of  15. 4  kbps.  The  remainder  of  the  frame  (i.  e. , 

544  milliseconds)  is  devoted  to  processing  the  navigation  signal.  It  is  convenient  to 
select  for  the  demonstration  system  an  elementary  slot  size  of  32  milliseconds  so 
that  five  slots  are  required  for  a  complete  burst  of  vocoded  voice  and  ten  for  the 
digital  data  making  a  total  of  15  equal  length  time  slots.  The  remainder  of  the  frame 
consists  of  essentially  17  time  slots  all  of  which  are  devoted  to  the  navigation  signal. 
For  the  demonstration  system,  we  propose  to  reserve  the  last  17  time  slots  of  each 
frame  for  the  navigation,  signal.  However,  we  will  pseudo  randomly  permute  the  first 
15  time  slots  of  each  frame.  A  particularly  simple  way  to  implement  the  permutation 
of  these  time  slots  is  to  inject  four  bits  from  a  long  PN  sequence  into  a  4-stage  linear 
feed  back  shift  register  at  the  beginning  of  each  frame.  The  initial  state  of  the 
register  at  the  start  of  a  frame  period  will  then  be  a  random  number  between  1  and  15 
(the  zero  vector  is  suppressed).  Shifting  the  register  once  every  32  milliseconds  for 
a  period  of  480  milliseconds  generates  a  sequence  of  orthogonal  numbers  which  can 
be  used  to  identify  for  transmission  the  fifteen  32  millisecond  segments  of  vocoded 
voice  and  digital  data  in  storage.  Of  course,  much  more  sophisticated  permutation 
techniques  are  available  but  they  are  considerably  more  costly  to  implement. 

From  an  implementation  point  of  view  it  is  convenient  to  select  a  frequency 
hopping  rate  of  approximately  31  hops  per  second.  More  precisely  we  suggest  a  fre¬ 
quency  hop  dwell  period  of  32  milliseconds  which  corresponds  to  an  elementary  time 
slot.  The  implementation  consists  of  selecting  a  5  bit  sequence  from  a  long  PN  code 
every  32  milliseconds  so  that  each  of  the  32  frequency  slots  appear  with  equal  proba¬ 
bility.  A  9. 6  MHz  bandwidth  is  subdivided  into  32  subbands  each  one  being  300  KHz 
wide. 

6.2  FUNCTIONAL  DESIGN  OF  THANSCEIVER/PFvOCESSOR  (TASK  A0031 

A  functional  block  diagram  of  the  transmitter  section  is  shown  in  Figure  6-1. 
At  the  beginning  of  each  frame,  the  buffer  storage,  which  consists  of  15  registers, 
contains  a  total  of  7373  bits.  Five  of  these  registers  correspond  to  5  time  slots  of 
2,4  kbps  data  while  the  remaining  10  registers  correspond  to  10  time  slots  of  4. 8  kbps 


data.  The  four  bit  sequence  selected  from  the  31  stage  PN  generator  initiates  cn 
orthogonal  patterr  of  fifteen  numbers  which  are  used  to  match  registers  to  the  sequence 
of  time  slots.  In  each  slot,  the  data  contained  in  the  selected  register  is  modulo-2 
added  to  the  PN  code  and  the  resulting  digital  signal  biphase  modulates  a  fixed  carrier 
at  28. 5  MHz.  During  each  time  slot,  the  coherent  frequency  hopping  synthesizer  ran¬ 
domly  selects  one  of  32  possible  frequencies  in  the  range  from  36. 5  MHz  to  46. 5  MHz, 
to  translate  the  PN  modulated  carrier  to  a  center  frequency  of  70  MHz.  If  the  time 
slot  contains  a  burst  of  4. 8  kbps  data,  the  output  switch  automatically  switches  to 
Time  Delay  #1  which  simulates  a  propagation  delay.  On  the  other  hand,  if  a  burst 
of  2.4  kbps  or  a  NAV  transmission  occurs,  a  different  simulated  propagation  delay 
is  inserted  in  the  signal  transmission  path.  In  this  manner  we  simulate  three  separate 
signal  emitters  with  a  single  transmitter  section.  Of  course,  the  switching  function 
is  controlled  by  the  orthogonal  number  generator  so  that  as  we  permute  the  time  slots 
it  is  guaranteed  that  each  transmission  burst  passes  through  the  appropriate  simulated 
propagation  delay.  If  an  RF  interface  la  required  an  additional  module  containing 
a  1. 5  GHz  synthesizer,  an  up  converter  and  a  10  watt  PA  will  be  provided. 

A  simplified  functional  diagram  of  the  signal  processor  is  shown  in  Figure  6-2. 
Observe  that  the  signal  processor  can  be  functionally  divided  into  three  basic  subsystems. 
First,  a  digital  matched  filter  (DMF)  noncoherent  detection  scheme  is  employed  to 
acquire  initial  synchronization  at  the  beginning  of  each  time  slot.  To  facilitate  proper 
operation  of  the  DMF,  data  modulation  does  not  appear  on  the  received  signal  at  the 
beginning  of  each  time  slot  for  a  time  interval  corresponding  to  the  maximum  time 
uncertainty.  During  the  process  of  initial  acquisition,  the  second  subsystem  (i.  e. ,  the 
Costas  loop)  which  provides  the  means  for  synchronous  data  demodulation  and  estimating 
range  rate  is  disabled.  Similarly,  the  third  subsystem  (i.  e. ,  the  coherent  frequency 
hopping  tracking  loop)  which  provides  the  precision  tracking  function  for  estimating 
range  is  disabled  by  virtue  of  the  fact  that  the  Costas  loop  filter  is  open.  Summarizing 
to  this  point,  we  note  that  the  three  basic  subsystems  which  characterize  the  proposed 
implementation  of  the  signal  processor  consists  of  (1)  noncoherent  sync  acquisition 
DMF  detector,  (2)  Costas  loop  coherent  data  demodulator,  and  (3)  coherent  FH  pre¬ 
cision  range  tracking  loop. 

We  might  point  oat  that  although  PN  tracking  has  not  been  included  in  the 
proposed  demonstration  implementation  at  this  time,  it  may  be  included  in  a  full  capa¬ 
city  system  as  a  valuable  aid  to  the  precision  range  tracking  loop  during  acquisition  or 
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even  as  suitable  by  itself.  Another  comment  relative  to  the  difference  between  the 
demonstration  and  full  capacity  systems  is  concerned  with  coding.  For  instance,  the 
use  of  error  correcting  codes  as  proposed  for  the  full  capacity  system  would  relieve  the 
problem  of  having  to  synchronize  very  reliably  within  each  time  slot,  provided  the 
error  control  code  with  interleaving  spans  more  than  a  single  slot.  This,  of  course, 
allows  for  a  lower  threshold  value  of  E/Nq  than  that  required  for  the  less  complex 
demonstration  system  proposed  here.  Another  point  which  needs  to  be  mentioned  is 
concerned  with  the  implementation  of  the  matched  filter.  In  particular,  we  have  not 
implemented  the  DMF  to  handle  the  doppler  situation.  The  reason  for  this  is  based 
simply  on  the  fact  that  if  the  demonstration  signal  parameters  are  scaled  upwards  to 
represent  the  full  capacity  signal  parameters  the  DMF  integration  time  is  reduced  to 
the  point  where  Doppler  does  not  appear  as  a  problem. 

Referring  to  Figure  6-2,  the  signal  received  by  the  signal  processor  is  first 

t 

passed  through  a  10  MHz  wide  IF  amplifier  centered  at  70  MHz.  The  output,  which  is 
still  a  frequency  hopped  signal,  is  multiplied  by  a  local  oscillator  which  is  frequency 
hopped  according  to  the  same  pattern  used  at  the  transmitter.  The  multiplier  or 
balanced  modulator  output  is  then  passed  through  a  bandpass  amplifier  whose  bandwidth 

* 

is  at  least  300  KHz.  The  output  of  this  filter  is  essentially  the  PN  modulated  carrier 
plus  noise  which  is  applied  to  both  an  active  envelope  detector  for  fast  AGC  during  ^ 
signal  acquisition  and  to  quadrature  detectors.  Note  that  once  the  DMF  detector 
indicates  sync  has  been  achieved  this  method  of  AGC  is  changed  to  one  which  operates 
on  a  measurement  of  signal  strength  as  will  be  described  subsequently.  The  outputs 
of  the  quadrature  balanced  modulators  are  low  pass  filtered  (minimum  bandwidth  of 
150  KHz)  which  in  the  absence  of  noise  provides  signals  [DATA  x  PN]  cos  0  in  the 
inphase  channel  and  [DATA  x  PN]  sin  j?  in  the  quadrature  channel.  Of  course,  as  we 
have  mentioned  previously  there  is  no  data  modulation  present  during  the  initial  sync 
acquisition  interval.  As  described  in  Section  7.5.2  of  Volume  H,  a  dither  signal  is 
added  to  the  low  pass  filter  output  in  order  to  minimize  the  signal  to  noise  ratio 
degradation  due  to  the  nonlinear  operation  of  the  limiter.  In  order  to  synthesize  the 

O 

appropriate  dither  signal,  it  is  necessary  to  measure  the  noise  power  a  .  This  can 

be  done  by  computing  the  variance  of  the  output  of  the  integrate  and  dump  filter  in  the 

data  channel.  We  might  note  at  this  time  that  once  sync  has  been  acquired  the  mean 

value  of  the  I&D  filter  output  is  proportional  to  the  signal  energy  and  can  be  used  as  a 

control  signal  for  AGC  purposes  during  the  remaining  portion  of  the  time  slot.  , 
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Returning  to  the  DMF  detector  the  output  of  the  limiter  is  a  sequence  of  plus 
and  minus  ones  which  in  the  absence  of  noise  is  the  PN  sequence.  The  limiter  output 
is  clocked  into  the  signal  register  of  the  DMF  at  a  rate  of  at  least  twice  the  code  clock. 
The  reference  register  contains  a  subsequence  of  PN  bits  which  are  used  to  weight  the 
sequence  in  the  signal  register.  The  sum  of  the  individually  weighted  stages  in  the 
signal  register  will  be  a  maximum  when  the  two  registers  contain  identical  sequences. 
The  outputs  of  both  the  inphase  ana  quadrature  DMF's  are  combined  and  applied  to  a 
threshold  detector  which  indicates  with  a  pulse  the  alignment  of  the  received  code  with 
the  static  subsequence  in  the  reference  register.  Once  this  event  occurs,  the  reference 
PN  generator  is  activated  in  order  to  keep  the  signal  and  reference  registers  matched. 

The  length  of  the  reference  register  effectively  establishes  the  detection  SNR. 

Recall  that  an  E/Nq  of  8  db  is  required  for  communication  purposes.  For  a  one  bit 

integration  time  and  taking  into  account  the  limiter  loss  yields  an  E/Nq  of  approximately 

3  db  which  is  far  too  small  for  reliable  sync  detection.  If  we  choose  a  detection  SNR 

of  approximately  12  db  which  corresponds,  on  a  per  trial  basis,  to  a  detection  proba- 
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bility  of  0. 96  and  a  false  alarm  probability  of  0. 33  x  10  the  integration  time  must  be 
increased  to  about  8  bit  times  (i.e. ,  8/15  milliseconds).  This  establishes  the  minimum 
length  of  80  bits  for  the  reference  register  in  the  DMF. 

Once  sync  has  been  acquired,  the  timing  control  generates  a  gate  signal  which 
closes  the  Costas  loop  filter  allowing  both  the  Costas  loop  and  the  precision  range 
tracking  loop  to  acquire  and  to  begin  tracking.  The  data  demodulator  first  removes 
the  PN  code  by  correlation  and  the  resulting  data  signal  is  matched  filter  detected  and 
applied  to  the  receiver’s  buffer  storage.  Here  the  data  is  temporarily  stored  in  its 
proper  location  by  means  of  the  orthogonal  number  generator  which  controls  the  time 
slot  permutations.  The  range  measurement  is  made  by  first  processing  the  Costas 
loop  filter  output  to  obtain  an  error  signal  which  is  proportional  to  the  difference  in 
adjacent  frequency  hopping  tones,  Aw,  multiplied  by  the  relative  timing  error.  This 
error  signal  after  multiplication  by  the  sign  of  the  frequency  hop  is  filtered  by  a  pro¬ 
portional  plus  integral  control  filter  whose  output  controls  the  phase  of  the  VCO  which 
acts  as  the  receiver’s  timing  reference.  A  comparison  of  this  VCO's  output  with  that 
of  a  fixed  time  standard  provides  a  measure  of  range. 
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The  range  rate  measurement  is  made  by  the  relatively  standard  technique  of 
cycle  counting  the  Costas  loop  VCO  output,  provided  that  coherent  synthesizers  are 
employed  throughout,  including  the  NAVSAT  as  well  as  the  user  receiver. 
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